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1. Introduction 
1.1 Biomaterials 
A biomaterial is a nonviable material or biomedical device, natural or man-made, that 
replaces whole or parts of living structures. The earliest known usage of biomaterials can at 
least be dated back to as much as 32,000 years ago. At this time, sutures comprised of plant 
or animal fibres were used by humans to close wounds (Scott 1983). The Mayans used 
nacre teeth from sea shells as dental implants and  achieved what is today described as 
bone integration 600 A.D. (Bobbio 1972). The first in vivo study on the bioreactivity of 
implanted materials was performed by Levert in 1829 who studied the responses of dogs 
which had been implanted with gold, silver, lead, and platinum. In particular, platinum was 
found to be well tolerated. By 1860, glass contact lenses were developed and tested 
successfully by Adolf Fick. In 1929, vitallium alloys were developed and used with success in 
dentistry. After World War II, many of the materials that had been used for the production of 
airplanes and tanks were now being used by surgeons and dentists alike to solve the 
enormous medical problems encountered by soldiers injured during the war. The first 
research to focus upon synthetic polymers as implant materials was published in 1947. It 
was demonstrated that good implantation results are grounded on a high purity of the 
implanted materials (Ingraham et al. 1947).   
Prior to 1950, most implants had a poor rate for success due to a lack of understanding of 
biocompatibility and sterilization. The modern era of biomaterial science, the physical and 
biological study of materials and their interaction with the biological environment, was 
precluded by advances in modern biology during the 1960s. At that time, different sub-
disciplines such as protein adsorption; healing and the foreign body response; controlled 
release of substances; tissue engineering; and regenerative medicine evolved and 
subsequently, the design of materials was adopted to biomedical applications. At the dawn of 
the 21st century, more than any other contemporary field, biomaterial research required the 
Introduction                                                                                                        
 2
cooperation of, engineers, natural scientists and physicians, alike. The current market size of 
the biomaterial industry is worth 28 billion dollars US and it is expected to grow to 58.1 billion 
dollars US by the year 2014 (MarketsandMarkets 2010).  
There is a large variety of chemically and physically different substances that are being 
used today for the wide spectrum of biomaterials (Ratner et al. 2004). There are essentially 
four different classes of biomaterials that exist: metals, polymers, ceramics, as well as 
materials of natural origin. In addition to requirements for functionality, handling, and financial 
feasibility, each must also meet the need for biocompatibility (Ratner et al. 2004). In this 
thesis, biomaterials composed of metals and polymers were studied. 
1.1.1 Metals 
Metals comprise a class of substances characterized by high electrical and thermal 
conductivity as well as by malleability, ductility, and a high reflectivity for light. The majority of 
metals are crystalline solids that have a relatively simple crystalline structure distinguished by 
a tight packed atoms and a high degree of symmetry. Metals show a wide variation in their 
chemical reactivity. Lithium, potassium, and radium represent highly reactive metals, gold, 
silver, palladium, and platinum show low reactivity. In 1964, it was observed that platinum 
tended to tightly integrate into bone (Brånemark et al. 1964) what is now defined as 
osseointegration. Since the integration of titanium into bone was found to be even more 
viable than platinum, most dental and joint prostheses today are made of titanium. Metal 
based implants have gained significant clinical and economic meaning as 40% of all 
orthopedic operations in industrial nations involve metallic implants (Ratner et al. 2004).  
1.1.1.2 Gold nanoparticles 
Colloidal gold, also called gold nanoparticles (AuNP), can be assigned to the class of 
metal-based biomaterials. Current studies on colloidal gold are based on the research of 
Michael Faraday who discovered that the optical properties of gold colloids differed from 
those of the bulk metal; this can be regarded as the birth of nanoscience (Faraday 1847). 
Besides the classical spherical shape (Daniel 2004), AuNP are currently synthesized in 
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various shapes and forms (Nikoobakht 2003). Anisotropic forms result in defined optical 
properties, such as an additional strong absorption band for rod-like AuNP at higher 
wavelengths compared to the bands for spherical particles between 500 and 550 nm 
depending on the particle diameter (Nikoobakht 2003). Since the absorption at higher 
wavelength is dependent on the aspect ratio, this offers the possibility of tailoring near 
infrared absorption and allows the use of gold nanorods (AuNR) in hyperthermal therapy 
(Oyelere et al. 2007).  
1.1.2 Polymers 
Polymers, molecules that are composed of a large number of small repeating units 
connected by covalent bonds, represent the largest class of biomaterials. They represent a 
broad, diverse family of materials and their different mechanical properties make them useful 
as biomedical products for hard and soft tissue, cardiovascular implants and disposable 
medical devices. Synthetic polymeric biomaterials range from hydrophobic materials such as 
silicone rubber, polyethylene, polypropylene, poly(ethylene terephthalate), 
poly(tetrafluoroethylene), and poly (methyl methacrylate) to more polar materials such as 
poly(vinylchloride), copoly(lactic-glycolic acid) and nylons, to those that swell in water such 
as poly(hydroxyethyl methacrylate) and ultimately, to water-soluble materials such as 
poly(ethylene glycol) (PEG). There are hydrolytically stable and unstable polymers that 
degrade in the body while others remain constant in the human body for many years (Ratner 
et al. 2004).  
Hydrophobic fluorinated polymers such as Teflon (PTFE) and PVDF are considered 
immunologically inert biomaterials and the latter is in broad clinical use for the production of 
surgical meshes (Klinge et al. 2002). In addition to their usage as mesh material, fluorinated 
polymers such as Teflon can be used for cell culture of macrophages (Andreesen et al. 
1983).  
1.1.2.1 Nanofibres 
An optimal cell culture material mimics the tissue-specific three-dimensional fibrillar 
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network of the extracellular matrix (ECM) which is mainly composed of proteins and 
glycosaminoglycans acting as a structural support and carrier of biological information for the 
cells (Aumailley and Gayraud 1998). The ECM provides support, tensile strength and 
scaffolding for tissues and cells and furthermore, serves as a three-dimensional substructure 
for cell adhesion and movement as well as a storage depot for growth factors, chemokines 
and cytokines (Kleinman et al. 2003). With the development of tissue engineering, the 
scientific interest in porous scaffolds is rising. Polylactide, polyglycolide and the co-polymer  
PLGA represent a major class of biodegradable materials widely used in tissue 
engineering (Deng and Uhrich 2002) that is FDA approved for human therapy (FDA 2010). 
Electrospinning is a method which uses electrical forces to form synthetic fibers such as 
three-dimensional scaffolds that can be used as medical fibers (Heffels 2008). The 
biodegradability and bioresorbability of PLGA have been intensively studied,  especially its 
degradation mechanisms both in vitro and in vivo (Thomson et al. 1999; Wu and Ding 2004). 
It is known that PLGA degrades in the manner of simple hydrolysis of the hydrolytically 
unstable ester bonds into glycolic acids and lactic acids, which can be metabolized by 
tricarboxylic acid cycle into carbon dioxide and water in vivo (Liu et al. 2004). 
1.2 Biocompatibility  
In addition to the properties that are required for a certain biomaterial, each has to meet 
the need for biocompatibility, depending upon the area of its application.  Biocompatibility is 
defined by the interactions occurring between biomaterials and its host tissues. Desired host 
responses among others include the resistance of the material to bacterial colonization and 
blood clotting as well as normal, uncomplicated healing; there is no precise definition or 
accurate measurements of biocompatibility (Ratner et al. 2004). In particular, the immune 
response is critical for biocompatibility (Remes and Williams 1992). The implantation of a 
foreign material leads to a reaction sequence that is referred to as the "foreign body reaction" 
which initially starts with an infiltration of neutrophils and monocytes at the wound site. 
Monocytes differentiate into macrophages that are crucial for the long-term reaction to the 
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implanted material (Brodbeck et al. 2003). The development of granuloma tissue at the cell-
implant interface that is mediated by macrophages may result in implant loosening (Griffiths 
et al. 1996). Macrophages are also strongly involved into the formation of fibrous capsules at 
implant surfaces such as subcutaneous glucose sensors (Suska et al. 2008). In the ideal 
case, inflammation is resolved by healing of the tissue surrounding the surgical incision.  
Cellular response to topographical properties has been observed for almost one hundred 
years (Harrison 1912), and in 1941 the concept of contact guidance was established as 
changes in the morphology of cells in accordance to the structure to which they are attached 
(Weiss 1941). The understanding of the impact of physical and chemical properties on the 
micro and nanolevel of cellular behavior continues to expand (Langer and Tirrell 2004; 
Mitragotri and Lahann 2009). 
1.3 Inflammation 
The meaning of the Latin word inflammare is to set on fire. Inflammation is the initial 
response of the body to penetration of the protective barriers of the body, specifically of the 
skin and mucosal tissue. This immediate reaction is characterized by an increased 
movement of plasma and leukocytes from the blood into the injured tissue and is 
accompanied by heat, pain, redness and swelling. Inflammation is required to prevent further 
tissue destruction in order to heal injuries. Acute inflammation occurs directly after tissue 
injuries or pathogen invasion. The major cells involved are neutrophils and mononuclear cells 
that patrol in the peripheral blood. After a few days of acute inflammation, the outcome of the 
reaction may be its resolution, abscess formation or chronic inflammation.  
The resolution of inflammation is desired to let the injured site to again fulfill its normal 
function. Abscesses are accumulations of pus, a viscous material composed of neutrophils 
that are sacrificed in high numbers to kill pathogens. Persistent acute inflammation results in 
chronic inflammation that involves mononuclear cells and fibroblasts. The negative outcome 
of chronic inflammation is tissue destruction. It can be caused by persistent foreign materials, 
or may be the result of autoimmune reactions. Inflammation can also be a result of 
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complement activation, a humoral part of the innate immune system, consisting of plasma 
proteins that activate a proteolytic cascade after contact with pathogens. The result of this 
cascade is the generation of fragments that bind to microbial surfaces. Binding of 
complement proteins induces the lysis of cells, bacteria, and viruses. Furthermore, 
opsonization of pathogens with complement proteins promotes the uptake by cells 
expressing the complement receptor.    
1.4 Human immune cells 
All cellular components of blood originate from the hematopoietic stem cells in the bone 
marrow. There are two different blood cell lineages having common progenitors. 
Erythrocytes, platelet producing megacaryocytes, granulocytes, mast cells, as well as 
monocytes and the differentiated descendants of monocytes, macrophages and dendritic 
cells, are evolved from the myeloid progenitor. All myeloid descendants except 
megacaryocytes and erythrocytes, belong to the innate immune cells that are able to 
recognize novel foreign material that has entered the barriers of the body. The discrimination 
between self and non-self is performed by receptors such as Toll-like receptors (TLR) and 
pattern recognition receptors that function in the recognition of conserved pathogen 
associated molecular patterns (Werling and Jungi 2003).   
The lymphoid progenitor gives rise to the B and T lymphocytes (B and T cells) and to 
natural killer cells (NK cells). B and T cells function as adaptive immune cells whereas NK 
cells represent a specific type of innate immune cells. The adaptive immune system 
constitutes a humoral and a cellular part, B and T cells, respectively. The cells of the 
adaptive immune system are highly specific and at the same time very versatile due to their 
expression of receptors recognizing non-conserved molecules. The adaptive immune system 
evolved at a late stage in the evolution of vertebrates whereas the innate immune system 
had already developed in invertebrates.  
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Figure 1.4: Human immune cell lineage (www.bendermedsystems.de) 
 
1.4.1 Lymphocytes 
Until the 1960s, the function of lymphocytes was unknown. This can be explained by the 
fact that they have no functional activity until antigen as well as co-stimulatory molecules are 
presented to them by the antigen presenting cells (APC). T cells express the T cell receptor 
(TCR) that mediates specific binding to the major histocompatibility complex (MHC) II of 
APC. The activation of T cells that is induced by a stimulation with antigen and cytokines 
provided by APC, leads to the development of two main classes of T cells, the cluster of 
differentiation (CD) 8 positive cytotoxic T cells that kill infected cells; and the CD4+ helper 
(TH) cells that activate other cell types such as B cells and macrophages. In addition to the 
trimolecular complex of TCR, MHCII and antigen, binding of the co-stimulatory CD80 
molecules expressed on the surface of APC to the CD28 molecules expressed by T cells, 
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and the prevalent cytokine milieu generated by the APC, determines the differentiation into 
either TH1 or TH2 cells. TH1 cells produce the lymphokines interleukin (IL) 2, IFNγ, TNFβ as 
well as GM-CSF leading to the activation of macrophages whereas TH2 cells mainly produce 
IL4 and IL5 (also IL6, IL7, IL8, IL9, IL10 and IL14) thereby inducing antibody production of B 
cells (Janeway 2005).   
1.4.2 Granulocytes 
There are also called polymorphonuclear leukocytes because of the distinctive shape of 
their nuclei. They are relatively short lived and can be produced in high numbers when they 
migrate from the blood stream into inflamed tissue sites (Mollinedo et al. 1999; Schwarzer et 
al. 1999). There are three different types of granulocytes: eosinophils, basophils and 
neutrophils. Eosinophils function in the defense against parasitic infections based on the 
release of the toxic content of their  granules (David 1977). The granules of basophils contain 
among others histamine which rapidly increases vascular permeability, complementarily to 
the tissue-resident mast cells (Dvorak and Dvorak 1975). Neutrophils are the most frequent 
leukocytes of the bloodstream (5000-7000 cells per µL blood). Moreover, neutrophils exhibit 
a potent arsenal of anti-microbial compounds that include toxic reactive oxidant species 
(ROS) as well as molecules such as proteases and antimicrobial peptides (Cohen 1994). 
Their response to microbes is defined as the "oxidative burst" (Segal and Coade 1978). 
During this reaction specific granules fuse with the forming phagosomes  (Segal et al. 1980). 
The NOX2 protein that is located at the phagosomal membrane transfers electrons from the 
cytosol to the phagosomal lumen in order to generate superoxide through a series of 
molecular reactions that consume oxygen (Segal and Coade 1978). In neutrophils, a 100-fold 
increase of oxygen consumption occurs following the  activation of NOX2 during the 
respiratory burst  (Reeves et al. 2002).  
Myeloperoxidase (MPO), an enzyme also included in circulating monocytes, catalyzes the 
transformation of superoxide into a variety of toxic molecules for microorganisms, such as 
hypochlorous acid, chlorines, chloramines, hydroxyl radicals, and single oxygen (Klebanoff 
2005). Deficiencies in neutrophil function are fatal in human beings. Dysfunctions of 
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proteolytic activity of neutrophil phagosomes results in the absence of pathogen killing and 
leads to the chronic granulomatous disease. This disease is characterized by severe 
widespread infections affecting principally children and often resulting in early death (Quie et 
al. 1967; Segal et al. 2000).  
Together with monocytes and macrophages, neutrophil granulocytes belong to the 
professional phagocytes. These cells internalize foreign material and clear damaged, 
apoptotic, and senescent cells, as well as pathogens. Actin filaments as an important 
component of the cytoskeleton are involved in all processes of internalization (Schwarzer et 
al. 1999). In addition to the phagocytic mechanisms, it has recently been shown that 
neutrophil granulocytes release structures into the extracellular space which mainly consist 
of DNA and protein that trap pathogens at infection sites (neutrophil extracellular traps; 
NETs) (Brinkmann et al. 2004). These structures contain a variety of antibacterial proteins 
from azurophilic granules. It has been shown that the formation of extracellular traps is not 
restricted to neutrophils rather they are formed as well by mast cells for entrapping 
pathogens (von Kockritz-Blickwede et al. 2008).  
1.4.3 Monocytes 
Similar to granulocytes, monocytes circulate in the bloodstream and furthermore, a large 
quantity of them is stored in the spleen (Swirski et al. 2009). They can be identified by 
morphological features such as their irregular nuclei and their high content of cytoplasm 
compared to their nucleus. The most important human monocytic surface markers are CD14 
and CD16 that can be used to distinguish the two main sub-populations of monocytes. CD14 
is a surface protein that binds lipopolysaccharide binding protein (LBP) and that has recently 
been shown to adhere to apoptotic cells (Ren et al. 2008). CD16 has been identified as the 
crystallizable fragment (Fc) receptors FcγRIIIa and FcγRIIIb (Janeway 2005). The strongly 
CD14 positive cells (CD14++CD16-) represent the major population whereas a minor 
population is represented by CD14+CD16+ cells. The latter population expresses high 
amounts of TNF-α after stimulation with a bacterial stimulus (Belge et al. 2002).   
There are six monocyte subpopulations, incorporating two other clusters of differentiation 
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(Ziegler-Heitbrock 1996). Additionally, there are CD14++CD16+ as well as CD14+CD16- 
monocytes that can be further subdivided into CD33dim and CD33high cells. Subsequently 
there is a subset in the CD14++CD16- population which expresses CD56 (Rothe et al. 1996). 
The heterogeneity of the monocyte  subpopulations has also been reported to result in 
different particle uptake efficiency as, for example, CD14high CD16+ monocytes exhibit an 
increased phagocytic activity compared to CD14dim CD16+ monocytes (Skrzeczynska-
Moncznik et al. 2008). 
1.4.4 Macrophages 
Macrophages are the most important cellular component of the innate immune system and 
are almost omnipresent in the body. They are believed to be the direct evolutionary 
descendants of phagocytic cells present in invertebrates such as those observed in the 19th 
century in sea stars (Metchnikoff 1883). In humans, macrophages originate from all kinds of 
monocyte subpopulations under the presence of the colony stimulating factor (CSF) 1 (Finnin 
et al. 1999) which is almost omnipresent in the human body. The typical phenotype of 
macrophages is CD1a-CD14+ (Palucka et al. 1998).  
Macrophages produce and release a multitude of inflammatory mediators; among these 
are polypeptides, complement factors, coagulation factors as well as enzymes such as 
proteases and lipases. In early stages of inflammation, the secretion of pro-inflammatory 
mediators dominates whereas at later stages, the levels of anti-inflammatory mediators 
increases whereby pro-inflammatory mediators decrease (Janeway 2005).  
Macrophages can basically be classified into either classically (M1) or alternatively 
activated macrophages (M2). In vivo and in vitro, both subpopulations exist in parallel and 
generate a specific response to their microenvironment. The pro-inflammatory M1 cells 
predominantly involved in antimicrobial reactions and are capable of degrading extracellular 
matrix (ECM) with specific enzymes (Katsuda and Kaji 2003; Martinez et al. 2008) whereas 
the anti-inflammatory M2 are found in the down-regulatory phase of inflammation, promote 
angiogenesis, cell proliferation and ECM remodeling (Gratchev et al. 2005; Martinez et al. 
2008). Ultimately, M1 and M2 macrophages can be identified by their expression of function-
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associated antigens. M1 express the S100A8-S100A9 heterodimer on their surface that can 
be stained using the 27E10 antibody (Zwadlo et al. 1986). CD163 is a membrane 
glycoprotein and a typical surface antigen of M2 cells,  originally described as the running 
monocyte antigen (RM) 3/1 by Zwadlo and co-workers in 1987 (Zwadlo et al. 1987). Cell 
surface expression of CD163 is restricted to human monocytes and macrophages 
subpopulations such as histiocytes, Kupffer cells and macrophages of the red pulp. In 
inflammatory reactions, expression of the antigen occurs in the late down-regulatory stage. 
Its expression was also detected by histiocytes and in certain tumors (Zwadlo et al. 1987). It 
has mainly homeostatic functions in the immune system, participating in the adhesion to 
endothelial cells and playing a role in the induction of tolerance as well as in tissue 
regeneration. It is also responsible for the clearance of hemoglobin in its cell-surface form 
and mediates anti-inflammation in its soluble form, exhibiting cytokine-like functions (Onofre 
et al. 2009). The M2 subpopulation can further be subdivided into M2a-d (Martinez et al. 
2008).  
Furthermore, macrophages also play an important role in tumor development. They 
facilitate angiogenesis and extracellular matrix breakdown, as well as remodel and promote 
tumor cell motility. It has been reported that there is a direct communication between 
macrophages and tumor cells leading to invasion and the egression of tumor cells into the 
blood vessels (Hauptmann et al. 1993).  
1.4.5 Dendritic cells 
In whole blood cells that exhibit the phenotype human leukocyte antigen (HLA-DR)+, CD3-, 
CD16-, CD19-, CD56-, and CD64- are precursor DC and may be CD14+ or CD14- (Macey et 
al. 1998). DC reside in tissues in an immature state always on alert for invading pathogens. 
Upon contact with a pathogen, DC undergo a specific maturation process that is 
accompanied by phenotypical and functional changes and also reflected by the expression of 
particular surface molecules. After maturation, DC leave the peripheral tissues and migrate 
to the lymph nodes where they present antigen to T cells and thereby initiate an adaptive 
immune response (Lehtonen et al., 2007).  
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Monocytes, macrophages, DC and B cells can be classified as the professional APC of 
which the DC are most efficient in processing and presenting antigen  (Villacres-Eriksson 
1995). DC and macrophages exhibit several similarities, especially considering their uptake 
of foreign material. This high level of similarity becomes clear in the fact that immature DC 
can be reconverted to macrophages by treatment with SCF1 (Palucka et al. 1998). A major 
difference between macrophages and DC, both originating from monocytes, is the higher 
mobility of DC compared to macrophages. Another major difference is that macrophages are 
more efficient in the uptake and killing of bacteria while dendritic cells are specialized in the 
rapid processing and presentation of antigen (Kalupahana et al. 2005).  
DC, like other phagocytes, express a variety of proteases but their potency for degradation 
is much lower than that of macrophage proteases (Delamarre et al. 2005). Despite the lower 
efficiencies of their proteases, DC are capable of controlling proteolysis in their endocytic 
pathway by tightly controlling the pH level (Savina and Amigorena 2007). Without the 
activities of proteases, the hydrolysis of a typical peptide, at neutral pH, is estimated to be 
between 10 and 1000 years. Proteases facilitate a rapid peptide bond cleavage, acting as 
highly efficient catalysts and facilitating hydrolysis of peptide unions within milliseconds 
(Radzicka and Wolfenden 1995). Peptides are generated from antigens derived from 
pathogens, infected cells, or apoptotic cells and are translocated to the major MHC class II 
molecules (Savina and Amigorena, 2007). In humans, genes coding the MHC class II 
molecules are defined as human leukocyte antigen (HLA) genes. 
In addition to an enhanced expression of HLA antigen, DC maturation is also  
accompanied by increased levels of the expression co-stimulatory molecules such as CD80, 
CD83 and CD86 that enhance binding of the MHC II complex to the T cell receptor (Engel 
and Tedder 1994). Immature DC, such as Langerhans cells, express high levels of CD1a 
(Hunger et al. 2004). CD1a is a glycoprotein belonging to the group one of CD1 proteins (the 
two other members are CD1b and CD1c) that share the capacity to present microbial lipid 
antigens to T cells. CD1 molecules are structurally related to the MHC proteins.  
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1.5 Cytokines 
Cytokines comprise a class of small substances that include proteins, glycoproteins, and 
polypeptides secreted by human immune cells and endothelial as well as epithelial cells that 
function in cellular communication. "Cytokine" is a Greek word meaning "to set cells in 
motion". The molecular weight of cytokines ranges from 8 to 30 kDa. Certain cytokines (such 
as IL6) circulate in picomolar concentrations that can increase up to 1,000-fold during trauma 
or infection (Cannon 2000). Macrophages are a major source of many cytokines (Cavaillon 
1994). The binding of cytokine ligands to the corresponding cytokine receptors on a cell 
surface induces subsequent cascades of intracellular signaling which then result in alteration 
of cell function that may be autocrine or paracrine. Cytokines are pleiotropic therefore it is in 
fact obsolete to categorize them but generally they are considered as rather pro- or anti-
inflammatory. The most important pro-inflammatory cytokines are represented by IL1, IL6 
and TNFα; correspondingly, anti-inflammatory cytokines are IL4, IL10 and IL1RN (Cavaillon 
1994). Cytokines can be classified based on their secretion, function or effect.  
Chemokines, a sub-group of cytokines, function in the chemo-attraction of other cells. 
Chemokines can be separated into two groups: CC-chemokines that include two adjacent 
cysteine amino acids which bind to the CC-chemokine receptors (CCR), as well as the CXC 
chemokines, which exhibit two cysteine molecules separated by another amino acid. The 
corresponding receptors are the CXC-chemokine receptors (CXCR), IL8 (CXCL8) 
representing a typical CXC and CCL2 is a CC-chemokine.  
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1.6 Aims of the thesis 
The biocompatibility of any biomaterial strongly depends on the response of immune cells 
to the material (Remes and Williams 1992). However, there are only limited data on the 
response of primary human white blood cells to biomaterials. Furthermore, there are no 
systematic studies comparing different classes of materials. Hence, the response of human 
immune cells was studied in vitro using four basically different classes of biomaterials 
exhibiting various chemical, geometrical, and morphological properties. The higher-ranking 
aim was to identify the putative immunomodulatory properties of biomaterials. Ultimately 
tailoring these properties may enable a control over the immune response.  
In order to determine the inflammatory potency of the materials, the expression of selected 
inflammation relevant molecules by cells that were incubated with the materials was studied, 
including the measurement of the expression of selected genes, function-associated surface 
markers as well as released cytokines. Interactions between cells and materials were studied 
using additional methods.  
In the first part of this thesis, interactions of human primary immune cells with gold 
nanoparticles exhibiting different size, shape, and surface chemistry were analyzed. In 
addition to the expression analysis of inflammation related molecules, seedless deposition 
was performed in order to visualize gold nanoparticles for optical microscopy. This method 
was validated using transmission electron microscopy. The objective of this study was then 
to identify the specific effects of different chemical modifications of nanoparticles that may 
help to control their uptake by macrophages and a putative subsequent inflammatory 
reaction. 
In the second part of this thesis, the influence of microtopography on the response of 
macrophages was studied. The substrates consisted of three different types of cylindrical 
posts and a line-based micropattern with identical surface chemistry. The objective of this 
study was to identify the relations between micropattern geometry and the corresponding 
reactions of macrophages. The identification of such properties may be transferred to the 
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design of intelligent implant surfaces.  
During the third part of this thesis, the influence of hydrogel substrates on the response of 
macrophages was investigated. Coating of surfaces with hydrogels such as isocyanate 
terminated star shaped poly(ethylene glycol-stat-propylene glycol) (Star PEG) was performed 
to inhibit cell attachment to biomaterials such as implants. This also offered the possibility of 
coupling functional molecules. Since macrophages attach to nearly every material, their 
behavior on surfaces coated with Star PEG and derivatives was also studied. The aim here 
was to identify the effects of different functional endgroups on the attachment as well as the 
molecular response of macrophages.  
In the fourth part of this thesis, interactions of macrophages with three-dimensional 
scaffolds were studied. Three-dimensional nanofiber scaffolds represent a potential material 
to replace and support tissue. Controlling the reactions of macrophages to these structures is 
a promising approach to optimize scaffold integration into the body. In addition to the 
characterization of the molecular response of the cells, the cell-mediated degradation of 
nanofibers was analyzed using light microscopy. 
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2. Materials and methods 
2.1 Materials 
2.1.1 Gold nanoparticles 
Gold nanoparticles (AuNP) were synthesized and characterized at the DWI e.V. and 
Institute of Technical and Macromolecular Chemistry in collaboration with Heidrun Keul. The 
nanoparticle library was based on gold nanorods (AuNR) sizing 15 x 50 nm as well as gold 
nanospherules (AuNS) with 15 and 50 nm in diameter. Stabilization of the nanoparticles was 
achieved by CTAB and thiol functional linear poly(ethylene glycol) (PEG) with either hydroxy 
(OH), carboxy (COOH) or amine (NH2) groups at the end of the PEG molecule. Details on 
synthesis and coating of the nanoparticles can be obtained from literature (Bartneck et al. 
2010b). 
2.1.2 Perfluoropolyether and polyvinylidenefluoride substrates 
Perfluoropolyether (PFPE) substrates were prepared at the DWI e.V. and Institute of 
Technical and Macromolecular Chemistry in collaboration with Vera Schulte. The underlying 
method results in chemically identical, opaque microstructures that can be regarded using 
light microscopy. An overview of the different geometries as well as the area fraction which is 
calculated by dividing the three-dimensional area of the structure by the area which it covers 
on the surface is given in Table 2.1.2. For details on the production and processing of the 
PFPE substrates refer to literature (Lensen et al. 2008).   
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Table 2.1.2: Geometrical parameters of micropatterns. 
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Size [µm] 10 20 3 3 
Period [µm] 30 70 23 6 
Area fraction [%] 0.67 0.06 0.2 0.01 
 
2.1.3 Hydrogel coated substrates  
Coating of glass substrates with star-shaped poly(ethylene) glycol (in the following referred 
to as "Star PEG") was performed at the DWI e.V. and Institute of Technical and 
Macromolecular Chemistry in collaboration with Karl-Heinz Heffels. Glass cover slips with a 
diameter of 15 mm were coated with Star PEG, the peptide sequence glycine-leucine-
phenylalanine (GLF) covalently attached to Star-PEG (referred to as "Star PEG-GLF") 
molecules, the peptide sequence glycine-arginine-glycine-aspargic acid-serine ("Star PEG-
RGD") and Star PEG-coupled glycidol ("Star PEG-glycidol"). All substrates were opaque. For 
details on the generation of substrates refer to literature (Heffels 2008). 
2.1.4 Nanofibers  
Nanofibers were generated from Poly(lactid-co-glycolic) acid (PLGA) or PLGA with Star 
PEG as additive (PLGA-Star PEG) at the DWI e.V. and Institute of Technical and 
Macromolecular Chemistry in collaboration with Karl-Heinz Heffels. The nanofibers were 
generated using electrospinning and immobilized on either Star PEG-coated glass slides or 
native glass slides. Three different time intervals of electrospinning were applied for the 
generation of the nanofibers. All other adjustable parameters of the process were kept 
constant. The variation in the period of electrospinning resulted in differing amounts of fibers: 
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45 seconds of electrospinning resulted in low amounts of fibers (Figure 2.4.1.B), 180 
seconds (Figure 2.4.1.C) resulted in a medium amount of fibers and 300 seconds resulted in 
a high amount of fibers (Figure 2.4.1.D). For details on the synthesis refer to literature 
(Heffels 2008). 
 
Figure 2.4.1: Nanofibers immobilized to Star PEG coated substrates. Opaque Star PEG-coated 
substrates (A) were used to immobilize low (B), medium  (C), and high (D) amounts of nanofibers to 
these substrates 
 
2.1.5 Chemicals 
Table 2.1.5: Chemicals 
Chemical Producer 
4'-6-Diamidino-2-phenylindole Sigma-Aldrich, St.Louis, MO, USA 
Bovine serum albumin MP Biomedicals, Solon, USA 
Dextran Sigma-Aldrich, St.Louis, MO, USA 
Dimethylsulfoxide BD Biosciences, Franklin Lakes, USA 
Ethanol (absolute) AppliChem, Darmstadt 
Ethylenediaminetetraacetic acid Sigma-Aldrich, München 
Ficoll-Paque  GE Healthcare, Uppsala, Sweden 
Fluorescein diacetate Sigma-Aldrich, St.Louis, MO, USA 
Fortecortin® Hoechst AG, Frankfurt am Main 
Heparin-Natrium-25.000 Ratiopharm, Ulm 
Human Quantikine ELISA Kit CXCL10, IL6 R&D Systems, Minneapolis, USA  
Lipopolysaccharide Sigma-Aldrich, St.Louis, MO, USA 
Macrophage serum free medium Gibco, Grand Island, NY, USA 
Natriumhydroxide Merck, Darmstadt 
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Nonidet P40 AppliChem, Darmstadt 
Paraformaldehyde Sigma-Aldrich, St.Louis, MA, USA 
Phosphate-buffered saline Gibco, Grand Island, USA 
Poly-L-Lysine Sigma-Aldrich, St. Louis, MO, USA 
Propidium iodide Sigma-Aldrich, St.Louis, MO, USA 
RNAse-free water  Qiagen, Hilden 
Rnase-ZAP Sigma-Aldrich, St.Louis, MO, USA 
Roswell Park Memorial Institute 1640 Sigma-Aldrich, St.Louis, MO, USA 
TaqMan Gene Expression Assays Applied Biosystems, Foster City, USA 
Thiazine (DiffQuik Kit) Medion diagnostics, Düdingen, Switzerland 
Triton X-100 Sigma-Aldrich, St.Louis, MO, USA 
Trypan Blue Gibco, Grand Island, USA 
Türk's solution  Merck, Darmstadt 
Tween 20 Serva Electrophoresis, Heidelberg 
β-Mercaptoethanol Sigma-Aldrich, St.Louis, MO, USA 
 
2.1.6 Enzymes and inhibitors 
Table 2.1.6: Enzymes and inhibitors 
Enzyme or inhibitor Producer 
Cytochalasin D Sigmaaldrich, St. Louis, MO, USA 
Piceatannol A.G. Scientific, San Diego, CA, USA 
Bacterial D-Mannose Fluka, Buchs, Switzerland 
RNase-free Dnase I Qiagen, Hilden 
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2.1.7 Kits, antibodies and cytokines 
Table 2.1.7: Kits, antibodies and cytokines 
Kits, antibody, cytokine Producer 
Dynabeads CD19 (panB) Invitrogen, Carlsbad, CA, USA 
Dynabeads CD2 (panT) Invitrogen, Carlsbad, CA, USA 
Dynal® Monocyte Negative Isolation Kit  Invitrogen, Carlsbad, CA, USA 
FITC-Anti-human CD1a (clone HI149) Becton Dickinson, Franklin Lakes, USA 
FITC-Anti-human CD80 (clone L307.4) Becton Dickinson, Franklin Lakes, USA 
FITC-Anti-human CD86 (clone 2331(FUN-1)) Becton Dickinson, Franklin Lakes, USA 
FITC-Anti-human MRP8/14 (clone 27E10) BMA Biomedicals AG, Augst, Switzerland 
GoldEnhance LM Kit 2112 Nanoprobes, Yaphank, NY, USA 
Granulocyte-macrophage colony stimulating 
factor R&D-Systems, Wiesbaden 
High Capacity RNA to cDNA Kit Applied Biosystems, California, USA 
Interleukin 1 β R&D-Systems, Wiesbaden 
Interleukin 4 R&D-Systems, Wiesbaden 
Interleukin 6 R&D-Systems, Wiesbaden 
LAL assay QCL-1000® Lonza, Walkersville, USA 
PE-Anti-human CD14 (clone M5E2) Becton Dickinson, Franklin Lakes, USA 
PE-Anti-human CD163 (clone GHI/61) R&D Systems, Minneapolis, MN, USA 
PE-Anti-human CD83 (clone HB15e) Becton Dickinson, Franklin Lakes, USA 
PE-Anti-human HLA-DR (clone L243 (G46-6)) Becton Dickinson, Franklin Lakes, USA 
Prostaglandin E2 Sigma-Aldrich, St.Louis, MO, USA 
RNeasy® Fibrous Tissue Kit Qiagen, Hilden 
Simultest Control (γ2a-FITC and γ1-PE) Becton Dickinson, Franklin Lakes, USA 
TaqMan Gene Expression Assays Applied Biosystems, California, USA 
Tumor necrosis factor α R&D-Systems, Wiesbaden 
Universal Gene Expression Master Mix Applied Biosystems, California, USA  
Materials and Methods 
 21 
2.1.8 Consumables  
Table 2.1.4: Consumables 
 
Consumables Producer 
Cytospin Filter Cards Shandon, Runcorn, England 
Disposable Hemocytometer Digital Bio, Seoul, Korea 
Disposable serological pipette Corning, Illinois, USA 
Examination gloves Sempermed, Vienna, Austria 
Filter tips (10, 100, 1000 µL) StarLab, Ahrensburg 
Glass cover slips (26x76 mm) Carl Roth, Karlsruhe 
Glass rods Carl Roth, Karlsruhe 
Nunc® Lab-Tek® II Chamber Slides™ Nunc, Langenselbold 
Petri Dish (bacterial grade) Greiner Bio-One, Frickenhausen 
PP-Test tubes, 15 and 50 mL, sterile Greiner Bio-One, Frickenhausen 
Precision wipes Kimberly-Clark, Surrey, United Kingdom 
Rigid Thin Wall Skirted Microplates StarLab, Ahrensburg 
Rotilabo® silicon rubber Carl Roth, Karlsruhe 
StarSeal Advanced Polyolefin Film StarLab, Ahrensburg 
 
2.1.9 Instruments 
Table 2.1.9: Instruments 
 
Instrument Producer 
7300 Real Time PCR System Applied Biosystems, California, USA 
CCD-Camera MORADA Olympus, Japan, Tokyo 
Cytospin 2  Shandon, Frankfurt 
Electron microscope EM 400 T Philips, The Netherlands, Amsterdam 
Eppendorf References Pipettes Eppendorf, Hamburg  
FACS Calibur Becton Dickinson, Franklin Lakes, USA 
Fluo star OPTIMA BMG LABTECH, Offenburg 
Freezer (-20°C) Bosch, Gerlingen 
Freezer (-80°C) Heraeus, Hanau 
Fridge (4°C) Liebherr, Bulle, Switzerland 
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G 2 Contact Angle Goniometer Krüss GmbH, Hamburg 
LEICA DMI4000B microscope  Leica, Wetzlar 
Bead separation magnet MPC™-1  Dynal, Oslo, Norway 
Magnet stirrer  Heidolph, Schwbach 
Megafuge 1.0R Kendro, Newtown, USA 
Nano Drop Spectrophotometer Peqlab, Erlangen 
Pipetus® forty Hirschmann Laborgeräte, Eberstadt 
Sartorius arium® GT316  Sartorius, Göttingen 
Sigma 1-15  Sigma-Aldrich, St.Louis, MO, USA 
Sigma 3K30 Sigma-Aldrich, St.Louis, MO, USA 
Thermomixer comfort  Eppendorf, Hamburg  
UV-Vis spectrophotometer UV160A Shimadzu, Kyoto, Japan 
Zetasizer Nano Z Malvern Instruments, Worcestershire, UK 
Zeiss Libra 120 TEM Zeiss, Oberkochen 
 
2.1.10 Software  
Table 2.1.10: Software 
Software Producer 
7300 System SDS software Applied Biosystems, California, USA 
Adobe Photoshop 8.0 San Jose, California, USA 
BD CellQuest™ Pro software version 5.2.1 Becton Dickinson, Franklin Lakes, USA 
FlowCytomix Pro 2.2 Software BenderMedsystems, Vienna, Austria 
Genesis Software Package Michael Sturn 
GraphPad prism 4.0 Graph Pad Software 
Office XP Microsoft Corporation 
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2.2 Methods 
2.2.1 Contact angle measurement 
The contact angle at an interface is determined by the equilibration of the present interface 
clamping. There is a proportional relation between the contact angle and the hydrophobicity 
of a material. Most cell types attach better to hydrophilic than to hydrophobic surfaces. The 
sessile drop method was performed to determine the contact angle. Droplets of water (2 µl) 
were deposited on the surfaces and the contour of the droplets was captured by a digital 
camera. Contact angels were calculated from three independent experiments.  
2.2.2 Zeta-potential measurement 
The zeta-potential (ζ-potential) is the difference in the potential between a dispersion 
medium and a stationary layer of fluid attached to a dispersed particle. This physical property 
exhibited by any particle in suspension reflects the degree of repulsion between adjacent, 
similarly charged particles in dispersion. The calculation of this electric potential is based on 
the studies of Smoluchowski who originally developed a theory on the mobility of particles in 
electrophoresis (Smoluchowski 1903). Zetapotential measurements were repeated three 
times. 
2.2.3 UV-vis spectrophotometry 
The optical properties as well as the concentrations of particles such as gold nanoparticles 
in solution can be determined on the level of their optical properties. Ultraviolet-visible 
spectrophotometry (UV-Vis) involves the spectroscopy of photons in the UV-visible region 
that directly affects the color of the chemicals analyzed. According to the Lambert Beer law, 
UV-Vis spectroscopy can be used to determine the concentration of an absorber in a solution 
with a fixed distance (Keul et al. 2007a; Keul et al. 2007b).  
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2.2.4 Endotoxin testing 
The detection of endotoxin contaminations in biological samples is required to assure that 
the activation of inflammatory cells is caused exclusively by the materials and not by 
bacterial products. Contact of circulating amebocytes in the horseshoe crab Limulus 
polyphemus with endotoxin results in intra-vascular coagulation of a protein. The 
chromogenic limulus amebocyte lysate (LAL) test is a quantitative test for gram-negative 
bacterial endotoxin. The applied LAL assay utilizes the initial part of the LAL endotoxin 
reaction to activate an enzyme which in turn releases p-nitroaniline from a synthetic 
substrate thereby generating yellow color. The level of p-nitroaniline can be determined 
photometrically at a wavelength of 405-410 nm. The materials were incubated for 24 hours 
with PBS and the content of endotoxin was measured. The endotoxin content of all 
investigated materials was below the detection limit of the kit.  
2.2.5 Generation of autologous human serum 
To generate serum from venous whole blood samples, autologous serum was generated 
by one hour clotting of blood at 37 °C and collecte d after 20 minutes of centrifugation at 2000 
rcf. Heat inactivation was performed for 60 minutes at 57 °C and filtration was done before 
using (0.2 µm). Serum was used directly or kept at 4°C for up to two weeks or at -20°C for 
permanent storage. To generate fresh serum, heat inactivation was omitted. 
2.2.6 Isolation and purity control of human blood cells 
2.2.6.1 Isolation of peripheral blood mononuclear cells 
Cells were isolated from healthy volunteers (the local ethics commission gave ethical 
approval for this study, and informed consent was obtained from all participants). To isolate 
peripheral blood mononuclear cells (PBMC) from heparanized venous whole blood of healthy 
volunteers or purchased single donor buffy coats (Institute for Transfusion Medicine, 
University Hospital Aachen, Germany), these were diluted in an identical volume of PBS and 
density gradient centrifugation using Ficoll Paque (Pharmacia, Erlangen, Germany) was 
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performed (40 minutes, 900 g, no brake). Thrombocytes were removed by washing with PBS 
without calcium or magnesium.  
2.2.6.2 Isolation of monocytes 
Monocytes were isolated from PBMC using the Dynal® Monocyte Negative Isolation Kit 
(Invitrogen, Carlsbad, CA), according to the manufacturer instructions. The kit depletes non-
monocytic cells (T cells, B cells, NK cells, dendritic cells, erythrocytes, granulocytes and 
macrophages) and results in a purity of 98%. The Antibody Mix contains mouse IgG 
antibodies for CD3, CD7, CD16 (specific for CD16a and CD16b), CD19, CD56, CDw123 and 
CD235a. Alternatively, monocytes were isolated from PBMC by depletion of B and T cells 
with CD2 and CD19 antibodies coupled to magnetic beads. After 30 minutes of incubation at 
4°C, the bead-bound lymphocytes were magnetically r emoved. 
2.2.6.3 Isolation of lymphocytes 
Lymphocytes were isolated by incubation of PBMC at 37 °C on petri dishes at a density of 
three million cells per ml in medium containing 5% human autologous serum for 35 min. 
During this period monocytes became adherent and lymphocytes were removed with the 
supernatant.  
2.2.6.4 Isolation of granulocytes 
To isolate granulocytes, heparanized venous blood was sedimented by incubation for 30 
minutes at 37 °C in 1% dextran in PBS. In this step , erythrocytes form agglomerates with the 
dextran and accumulate in the bottom phase. The leukocytes containing upper phase was 
used for Ficoll-Paque based density centrifugation for further separation of granulocytes. The 
upper phase of the gradient was carefully removed. The bottom phase contained neutrophil 
and eosinophil granulocytes and some remaining erythrocytes. Hyper osmotic shock was 
performed for 20 seconds to deplete remaining erythrocytes.  
2.2.6.5 Generation of monocyte-derived macrophages 
In vitro, macrophages can be derived from blood by culturing monocytes with serum 
Materials and Methods 
 26 
containing medium (Traber and Kayden 1980). To obtain macrophages, monocytes were 
cultured for seven days in bacterial grade petri dishes in medium supplemented with 5% 
autologous serum. To obtain alternatively activated macrophages, monocytes were 
stimulated with 10-7 M Dexamethasone (Dex) or with 20 ng/mL recombinant human 
interleukin 4 (IL4) after culture start to day seven of culture. Stimulation with 1 µg/mL 
lipopolysaccharide (LPS) was performed 24 hours before harvesting the cells using a silicone 
rubber.  
2.2.6.6 Generation of monocyte-derived dendritic cells 
For the generation of immature DC monocytes were cultured in six-well plates at a density 
of one million cells per mL medium supplemented with 5% autologous human serum in the 
presence of IL-4 and GM-CSF per mL for 7 days. Cytokines were replaced every other day 
as described in literature (Jonuleit et al. 1997). Generation of mature DC was induced by 
treating the cells with a cocktail of pro-inflammatory cytokines (IL-1- beta, IL-6, TNF-alpha) 
together with PGE2 for three days as described in literature (Jacobs et al. 2006).  
2.2.6.7 Analysis of cell population purity 
The purity of the different immune cell populations was assessed using the DiffQuik kit, a 
quick alternative to Wright's and Giemsa staining procedures. This kit is a simple and fast 
optical staining technique that includes a fixative (methanol), an anionic (acidic) dye (eosin 
G) and thiazin. The cell nuclei of immune cells are colored in different purple hues. The 
decoloration of the cytoplasm ranges from blue to bright pink and the cytoplasm of special 
cell types includes small red to purple granules. Basophils contain dark blue to black 
granules and eosinophils comprise bright-orange granules in the cytoplasm. Lymphocytes 
exhibit dark and round nuclei and can be distinguished from monocytes which exhibit bean-
like nuclei. Macrophages and dendritic cells are larger than monocytes, but exhibit similar 
nuclei shape. Red blood cells appear pink to orange. Representative examples for the Diff-
Quik-based staining of human immune cells are depicted in Figure 2.2.6.7. 
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Figure 2.2.6.7: Human primary immune cells after DiffQuik staining:  lymphocytes (A), neutrophils (B), 
monocytes (C), macrophages (D), immature dendritic cells (E), and mature dendritic cells (F).  
 
2.2.6.8 Cell lines and fibroblasts 
HeLa cells, a cancer cell line originating from human cervix carcinoma, as well as human 
primary dermal fibroblasts were kindly provided by Yvonne Marquardt, Department of 
Dermatology, Medical Faculty at the RWTH Aachen.     
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2.2.7 Cell culture, leukocyte counting and viability tests  
The culture of all cells which were used in this work was performed in Roswell Park 
Memorial Institute (RPMI) 1640 medium containing 5% autologous human serum in a 
humidified incubator that contained 5% CO2, a temperature of 37°C and 95% air humidity. To 
count leukocytes, an aliquot of the cells was counted in Türk's solution (0.01% crystal violet 
in 3% acetic acid). The erythrocytes are hemolyzed by the acetic acid of Türk's solution and 
the leukocytes are stained by crystal violet. To determine the percentage of viable cells, an 
aliquot of the cells was diluted in 0.04% Trypan Blue in PBS. Trypan Blue, which is a diazo 
dye derived from toluidine, exclusively discolors dead cells as it passes through their cell 
membrane. Cells were counted using a hemocytometer (Neubauer chamber). To study the 
viability of attached cells, live-dead staining using fluorescein diacetate (FDA) and propidium 
iodide (PI) was performed (Jones and Senft 1985). Briefly, cells were washed with PBS with 
calcium and magnesium to keep cells attached and 2 µg/ml of each FDA and PI was added 
and 200 cells were counted to calculate percentages of viable (green color) and dead (red 
color) cells. 
2.2.8 Visualization of gold nanoparticles for light microscopy 
Seedless deposition enlarges the size of nano-gold up to the micro-scale allowing the 
investigation of nanoparticle uptake in optical microscopy. For short-time testing for up to 
three hours, cells and gold nanoparticles (AuNP) were incubated in RPMI1640 medium 
containing 5% autologous human serum under continuous shaking conditions (500 rpm) at 
37 °C on a thermomixer. After long-term culture (24  hours up to seven days) with particles, 
plates were put on ice for 20 minutes and cells were harvested using a silicon rubber. 
Following the incubation with nanoparticles, these were removed from cell suspensions by 
three times of washing with phosphate buffered saline (PBS) and cytospin preparations were 
made. Cytospins were dried over night and the next day fixation with 2% paraformaldehyde 
in PBS was performed for 5 minutes. Seedless deposition was done according to the 
instructions of the manufacturer. Thiazine (a component of the DiffQuik kit) staining was 
Materials and Methods 
 29 
performed to counterstain cells blue. 
2.2.9 Determination of cell-nanoparticles interactions using light microscopy 
To compare the formation of extracellular aggregates which were generated by the 
different immune cell populations, the number of cells which took up nanoparticles or which 
were involved in the formation of cell-nanoparticle formations were counted. Cell-
nanoparticle formations were defined as such if they consisted of at least three cells. The 
uptake of nanoparticles was determined on the level of single cells. To calculate percentages 
of cells involved in the uptake of nanoparticles or in cell-gold networks, 400 cells were 
counted. 
2.2.10 Inhibition of the intracellular uptake of gold nanoparticles 
There are several different uptake pathways that may be involved in the uptake process of 
AuNP (Dobrovolskaia and McNeil 2007). Selective blocking of uptake pathways can be 
performed using specific inhibitors. Prior to particle addition, the cells were incubated for 30 
minutes with the inhibitors. Cytochalasin D was resolved in dimethyl sulfoxide (DMSO) prior 
to usage. Piceatannol was used at a concentration of 25 µg/mL after resolving in DMSO. 
Bacterial D-Mannose was used at a final concentration of 2.5 µg per mL. Incubation of cells 
at 4°C was performed in RPMI1640 medium supplemente d with 5% autologous human 
serum on a thermocycler.  
2.2.11 Inhibition of extracellular trapping of gold nanoparticles 
The formation of extracellular traps of human immune cells can be visualized using 4',6-
diamidino-2-phenylindole (DAPI) and inhibited using deoxyribonuclease (DNase) (Bartneck 
et al. 2010b). To abrogate the formation of neutrophil extracellular traps (NETs) neutrophils 
were pretreated with 100 U/mL DNase for 30 minutes before incubation with AuNP. DNase is 
capable of inhibiting the formation of NETs by digestion of the main content of NETs, DNA. 
AuNP were added to the medium containing 5% autologous human serum. To investigate 
whether the aggregations that were formed really NETs, chamber slides were coated with 
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0,001% Poly-L-Lysine in PBS for 60 minutes of incubation at 37°C. Cells were added at one 
million cells per mL and incubated for one hour under serum conditions. Cells attached to the 
immobilized Poly-L-Lysine. To prove the extracellular presence of DNA, staining with DAPI 
was performed. After incubation with the gold nanoparticles, cells were carefully washed with 
PBS three times, fixed with 4% paraformaldehyde and resuspended in calcium and 
magnesium containing PBS with 10 µg DAPI per mL. After incubation without light exposure 
at 37°C, formations of extracellular DNA were monit ored by fluorescence microscopy. 
Cytochalasin D was resolved in DMSO and used at a concentration of 40 µM.   
2.2.12 Transmission electron microscopy 
Transmission electron microscopy (TEM) is based on the transmission of an electron beam 
through an ultra thin specimen. An image of the interacting electrons can be generated using 
a charge-coupled device camera that converts different charges into digital data. TEM of 
human immune cells was performed at the Electron Microscopic Facility at the Medical 
Faculty of the RWTH Aachen in collaboration with Jörg Bornemann. To prepare cells for 
transmission electron microscopy, cells were washed three times with PBS after their 
incubation with AuNP. Subsequently, the cells were fixed in 3% glutaraldehyde for 22 hours, 
embedded in 2% agarose, followed by 1 h incubation in 1% OsO4, rinsed with distilled water 
and dehydrated with ethanol and propylenoxide. Cell processing was performed by 
embedding in Epon, polymerization for 8 h at 37 °C and 56 h at 60 °C. Finally, preparations 
were cut into 80 nm thin sections and contrasted with uranyl acetate and lead citrate. For 
details refer to published literature (Bartneck et al. 2010b).  
TEM studies on nanoparticles were performed at the DWI Institute for Macromolecular and 
Textile Chemistry in collaboration with Heidrun Keul. Measurements were done using an 
accelerating voltage of 120kV. Samples were prepared by putting a drop of the nanoparticle 
solution on a formvar-carbon coated copper TEM grid and letting the solution evaporate. 
Staining was done using 2% phosphotungstic acid solution in water. 30µl of nanorod solution 
was put on a formvar-carbon coated TEM grid. After 30 seconds the droplet was removed 
and 9 µl of the staining solution was added to the grid. After another 30 seconds the droplet 
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was removed again and the sample was dried at room temperature. 
2.2.13 Flow cytometry and fluorescence microscopy 
Based on a method for the detection of particles in dispersions (Dittrich and Goehde 1971) 
flow cytometry allows measuring cell size, granularity as well as surface marker expression. 
Using this method, stages of differentiation and activities of cells can be determined and the 
different immune cell populations can be distinguished (Ziegler-Heitbrock 1996). Cell 
populations expressing a specific antigen are usually defined by adding a "+" or "high" to the 
name of the antigen and cells lacking the expression of an antigen are weakly are defined by 
adding a "–" or "dim" to the name of the antigen. CD molecules represent a system of 
molecular markers expressed on the surface of cells which can be detected by specific 
antibodies. It is common to combine markers that are directly coupled with different 
fluorescent dyes to perform multicolor flow cytometry.  
To detach macrophages, plates were put on ice for 20 minutes and scraped using a 
rubber, washed with PBS after five minutes of centrifugation at 350 g and 4°C. All further 
steps were performed on ice. Blocking of unspecific protein adsorption was performed using 
1% bovine serum albumin (BSA) in PBS (without magnesium or calcium to avoid cell 
attachment) for ten minutes. All antibodies were diluted 1:20 in 0.01% BSA in PBS, 
incubated with half a million of cells for 30 minutes and two color flow cytometry was 
performed. To remove antibodies, cells were washed with PBS three times and fixed in  
200 µL 1% paraformaldehyde in PBS.  
For fluorescence microscopy PBS including magnesium and calcium was used (to keep 
cells attached). Otherwise conditions were identical to flow cytometry. To stain cell nuclei, 
incubation of cells with 10 µg DAPI per mL PBS was performed for 15 minutes and excess 
dye was removed by washing three times with PBS. 
2.2.14 Cytokine detection 
On the high-throughput scale, cytokines can be quantified using multiplex bead assays 
which are represented by antibody-coupled beads with different sizes which are fluorescently 
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labelled (Fu et al. 2009). The release of 13 cytokines (CCL2, CCL3, CCL4, CSF-3, CXCL8, 
CXCL9, IFNγ, IL1β, IL6, IL10, IL12p70, TNFα and TNFβ) into the culture medium was 
measured using the FlowCytomix® system in collaboration with the producing company 
Bender Medsystems (Vienna, Austria). The system of cytokine detection is based on 
antibody-coupled micrometer sized bead populations of which each specifically binds to a 
certain cytokine. Measurements were performed in duplicates at 50 µL sample volume.   
A commercial enzyme-linked immunosorbent assay was performed to determine the 
concentration of CXCL10. The principle of the ELISA technique is based on the binding of 
the analyte to a microplate pre-coated with capture antibody. After binding of the analyte to 
the antibody, a second antibody coupled with horseradish peroxidase binds to a different 
epitope of the analyte. In the final step, a substrate such as Tetramethylbenzidine is added 
resulting in yellow decoloration and absorbance can be measured at 450 nm using a plate 
reader.     
2.2.15 Quantification of mRNA expression 
RNA expression analysis of biological samples requires different experimental steps which 
prepare it for analysis. It may further be transcribed into complementary DNA (cDNA) by use 
of a reverse transcriptase, mostly by a Taq polymerase which is a thermostable DNA 
polymerase named after the thermophilic bacterium Thermus aquaticus (Chien et al. 1976). 
In addition to the replication of DNA, the Taq polymerase also exhibits a 5´–3´ nuclease 
activity. This activity results in the cleavage of a dual-labelled probe during hybridization to 
the complementary target sequence that can be detected using a fluorophore. The 
quantitative real time polymerase chain reaction (Q-PCR) is based on the amplification and 
quantification of a targeted DNA molecule in a DNA sample via the enzyme polymerase. The 
detection of DNA is based on the detection of fluorescence which is emitted after the 
degradation of the TaqMan probe by the Taq polymerase. For intact TaqMan probes, a 
reporter quenches fluorescence.  
Cells were lysed after removing the supernatant. RNA was stored on ice for direct 
processing or stored at -80°C for up to two months.  500 ng RNA of every sample was used 
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for reverse transcription into cDNA. A total volume of 25 µL cDNA was used in every 
experiment. Data was collected at stage 3, step 2 (60.0 @ 1:00) in the standard 7300 run 
mode. To generate data, (CT) values were generated automatically and relative 
quantification was related to the endogenous control gene beta-action (Livak and Schmittgen 
2001). Gene expression was considered up- or down-regulated if the log2 values between 
the reference and the sample were higher than one (greater than twofold increase) or lower 
than one (greater than twofold decrease), respectively. 
2.2.16 Hierarchical clustering analysis of gene expression data 
An unexplored dataset of gene expression like the expression of inflammatory genes by 
macrophages in response to biomaterials can in the first step be analyzed by hierarchical 
clustering analysis (HCA) (Sherlock 2000). Most clustering methods are visualized by 
heatmaps which contain a color code corresponding to the expression of each gene. Black 
color indicates that the transcript of the corresponding gene is probably not regulated or 
could not be measured because its amount was below the detection limit. Green coloring 
shows that the gene is down-regulated and red color indicates up-regulation (Sturn et al. 
2002).   
To prepare gene expression data for HCA, reciprocals were calculated for all expression 
values between 0 and 1, the sign was changed to negative (to indicate down-regulation of 
the gene) and logarithmical values were calculated. HCA was performed using average 
linkage as agglomeration rule and Euclidean distance. 
2.2.17 Statistical analysis  
Statistical analysis was performed using Graph Pad Prism 4.0. One-way analysis of 
variance with Bonferroni's post test was performed to test significance of data. P values 
below 0.05 were considered as statistically significant. The higher p is for a certain gene, the 
greater is the probability that difference is not significantly different. Nonlinear regression 
(curve fit) was performed using the F-test with p < 0.05. To decide whether a function was 
linear or nonlinear, the R² value was compared with the r2 value of a linear function.  
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3. Results   
3.1 Interactions of human immune cells with gold nanoparticles 
In the first part of this thesis, the interations of six different types of human immune cells 
(lymphocytes, granulocytes, monocytes, macrophages, and immature as well as mature 
dendritic cells) with gold nanoparticles were studied. The nanoparticle library consisted of  
15 x 50 nm gold nanorods as well as 15 and 50 nm gold nanospheres. The particles were 
characterized based on their optical properties and the stability in medium containing serum 
was tested. Cell tests included cytotoxicity tests, studies of the uptake as well as of 
extracellular trapping of particles by different cells, an investigation of the uptake mechanism 
and studies of the effects of nanoparticle surface chemistry on the inflammatory response of 
macrophages and dendritic cells. The main results of this part were published (Bartneck et 
al. 2010a; Bartneck et al. 2010b) 
3.1.1 Nanoparticle characterization and cytotoxicity 
UV-vis spectrophotometry revealed that AuNR were obtained with a longitudinal plasmon 
resonance peak at around 850 nm. Dispersions of PEG-stabilized AuNR stayed optically 
transparent and did not change color after one and seven days of incubation in medium 
containing 5% human serum (Figure 3.1.1.A). CTAB-stabilized particles immediately caused 
turbidity upon incubation with the medium, so that reliable UV-Vis measurements were 
impossible and long term incubations were not performed. In addition, TEM images of PEG-
coated nanorods after seven days of incubation in medium containing 5% human serum 
showed single dispersed nanorods (Figure 3.1.1.B). These characterizations show that the 
nanoparticles were stable and monodisperse, the major prerequisites for usage of these 
particles in cell culture.  
Results 
 35 
 
Figure 3.1.1: Characterization of gold nanoparticles. Panel (A) shows UV-Vis spectra of PEG-
stabilized AuNR originating from the same AuNR charge before (0d) and after incubation with medium 
containing 5% human serum for one (1d) and seven days (7d). Panel (B) presents a TEM image of 
PEG-stabilized AuNR after seven days of incubation with 5% human serum. 
 
CTAB has been described as cell toxic agent (Eghtedari et al. 2009) and nanorods coated 
with the tenside were shown to induce cell death of BT474, SKBR3 (breast cancer cell lines) 
and Hep G2 (hepatocellular carcinoma cell line) after 24 hours of incubation (Chithrani et al. 
2006; Leonov et al. 2008). In this thesis, no negative effects on cell viability were observed 
for CTAB coated AuNP within three hours of incubation. As expected, no negative effect of 
any kind of citrate and PEO-stabilized nanoparticles was observed either (>90% viable cells).  
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The nanoparticles were further characterized by ζ-potential measurements before and after 
polymer coating of the particles. AuNP stabilized with CTAB exhibited a strongly positive 
citrate-stabilized nanospheres exhibited a strongly negative ζ-potential. After ligand 
exchange and purification the solutions exhibited different ζ-potential values depending on 
the functional groups of the polymers and on the pH of the solution. Carboxy-terminated PEG 
coatings resulted in a negative and the amine-terminated PEG in a positive ζ-potential. The 
surface modification with linear HS-PEG-OH led to ζ-potentials in the range of 0 to -5 mV. 
Since the method is not sensitive in the area around 0 mV (approx. 0 ± 10 mV), these values 
can be viewed as neutral (Table 3.1.1). In summary, the ζ-potential data show that PEG-
stabilized AuNP with hydroxy, amine or carboxy-groups on the particle surface were 
obtained.  
 
Table 3.1.1: ζ-potential measurements of the nanoparticle library at pH = 4 in distilled water after 
synthesis (w = peak width). 
 
Citrate CTAB HS-PEG3000-OH 
HS-PEG3000-
COOH 
HS-PEG3000-
NH2 
15 nm 
AuNS 
-39,3 mV 
(w=8,9 mV) 
+49,6 mV 
(w=9,1 mV) 
-4,5 mV 
(w=3,5 mV) 
-23,2 mV   
(w=8,7 mV) - 
15x50 nm 
AuNR - 
+90,0 m V 
(w=9,4 mV) 
-4,6 mV 
(w=10,8 mV) 
-20,2 mV    
(w=5,3 mV) 
+21,3 mV 
(w=4,9 mV) 
50 nm 
AuNS 
-51,6 mV 
(w=18,7 mV) 
+59,0 mV 
(w=9,2 mV) 
6,5 mV  
(w=6,3 mV) 
-34,7 mV 
(w=14,2 mV) - 
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3.1.2 Uptake of gold nanoparticles by human immune cells  
Using seedless deposition, it was observed that macrophages, monocytes, granulocytes 
and dendritic cells scored positive for CTAB-coated gold nanoparticles, whereas 
lymphocytes did not. Only few granulocytes scored positive in seedless deposition and 
notably, trapped nanoparticles extracellularly (see section 3.1.5 and 3.1.6). Interestingly, 
mature dendritic cells concentrated CTAB-coated nanoparticles at only one region in each 
cell. Representative examples of immune cells after incubation with CTAB-coated gold 
nanoparticles followed by seedless deposition are shown in Figure 3.1.2.A. 
 
Figure 3.1.2.A:  Cytospin preparations of humane immune cells after incubation with CTAB-coated 
gold nanospheres followed by seedless deposition. (A) Lymphocytes, (B) neutrophil granulocytes, (C) 
monocytes, (D) macrophages, (E) immature dendritic cells and (F) mature dendritic cells. Seedless 
deposition results in black spots or areas that indicate the presence of gold nanorods (indicated by 
arrows).  
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A quantification of the mean uptake percentages of CTAB and citrate stabilized 15 nm gold 
nanospheres is shown in Table 3.1.2. Only few neutrophil granulocytes scored positive for 
both citrate and CTAB coated nanoparticles. Monocytes were more efficient in the uptake of 
CTAB than of citrate-stabilized nanoparticles. Macrophages were most efficient of all cell 
types in the uptake of both citrate and CTAB-stabilized nanospheres. Only few immature DC 
contained CTAB-coated spheres, in contrast, the uptake of citrate-stabilized particles was 
much more pronounced. Contrarily to their immature precursor cells, mature DC internalized 
CTAB-coated nanospheres much more efficiently than citrate-stabilized particles. Notably, 
none of the cell types internalized PEG-OH coated nanoparticles (Table 3.1.2). 
  
Table 3.1.2: Comparison of the uptake of differently charged 15 nm spheres by innate immune cells 
after 60 minutes of incubation. Monocytes, macrophages and dendritic cells after incubation with 15 
nm gold nanospherules after one hour of incubation at O.D. 1 as determined using seedless 
deposition. Mean values ± standard deviation (n = 6).      
15 nm gold nanospheres 
Cell type 
CH2COOH - CTAB + HS-PEG3000-OH 
Cells at day 0  
Neutrophils 3.1 ± 1.7%  5.2 ± 2.1%  0% 
Monocytes 2.6 ± 1.5%  36.2 ± 6.1%  0% 
Lymphocytes 0 ± 0%  0 ± 0 %  0% 
Cells at day 7 of culture 
Macrophages 83.8 ± 9.5%  81.2 ± 9.5% 0% 
Immature DC  23.7 ± 5.2%  6.2  ± 2.3%  0% 
Cells at day 10 of culture 
Mature DC 12.2 ± 4.2%  92.2 ± 7.1%  0% 
Macrophages 82.6 ± 8.2%  83.2 ± 7.9%  0% 
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The results obtained from seedless deposition were validated using TEM. Figure 3.1.2.B 
shows a representative image of a monocyte after incubation with CTAB-coated AuNR for 60 
min. TEM pictures suggest that the rods attached to the cell surface before internalization 
(Figure 3.1.2.B.B) with subsequent formation of protrusions around particles (Figure 
3.1.2.B.C) followed by fusion with the membrane (Figure 3.1.2.B.D) and vesicle formation 
(Figure 3.1.2.B.E).  
 
Figure 3.1.2.B: TEM studies of CTAB-coated AuNR uptake by primary human monocytes. Panel (A) 
depicts a monocyte after incubation with CTAB stabilized AuNR for 60 min at O.D. = 1. Red circles 
highlight AuNR. Panels (B) – (E) show examples for different stages of AuNR uptake. The scale bar in 
(B) is representative for panels (B) – (E). 
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3.1.3 Concentration and time-dependent uptake of nanoparticles by 
phagocytes 
To investigate the concentration dependent uptake of the three different CTAB-stabilized 
particles, cells and particles were incubated for 60 minutes at the indicated concentrations. 
Macrophages were more efficient than monocytes. The O.D. at which more than 90% of a 
certain cell type included nanoparticles was defined as cPmax, on the basis of seedless 
deposition results. Statistical analysis showed that the concentration-dependent uptake of 
every particle followed a sigmoid dose-response curve with variable slope and R² < 0.96 
(Figure 3.1.3 A,D,G). The time dependent uptake of CTAB-coated nanoparticles was studied 
further. Again, it was found that at lower concentrations macrophages were more efficient in 
particle uptake than monocytes; in particular, the uptake of the big spheres was much more 
efficient. At higher concentrations of particles, macrophages and monocytes were equally 
efficient (Figure 3.1.3 B,C,E,F,H,I). 
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Figure 3.1.3.A: Concentration- and time-dependent uptake of gold nanoparticles by human 
monocytes and macrophages. Data were determined using seedless deposition. Data for the 
concentration dependent uptake after 60 minutes (A,D,G) were fit to a variable slope sigmoid 
equation. Concentration dependent uptake of rods (A-C) as well as 15 nm (D-F) and 50 nm (G-I) 
spherules. Data represent mean values ± standard deviation (n = 8).     
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A comparison of the concentration dependent uptake of 15 x 50 nm CTAB stabilized AuNR 
and 15 as well as 50 nm AuNS after 60 min of incubation shows that the kinetics of 
internalization strongly depend on the shape of the nanoparticles (Figure 3.1.3.A A,D,G). 
Due to the different extinction coefficients of spherical and rod-like AuNP, the O.D. values of 
AuNR and AuNS are not directly comparable. Thus, several parameters have to be 
considered for a comparison of the uptake rates for all particles. The varying concentrations 
required to obtain cPmax have to be taken into account. This means that the 2.5-fold 
concentration of 50 nm AuNS and two-fold concentration of 15 nm spherules is needed to 
reach the respective cPmax concentrations when compared to 15 x 50 nm AuNR (Table 3.1.3).  
Table 3.1.3: cPmax values for macrophages and monocytes after 60 minutes of incubation with gold 
nanorods and nanospheres. Data represent mean values ± standard deviation (n = 8).    
cPmax values [O.D.] 
Type of nanoparticle 
Macrophages Monocytes 
15 x 50 nm AuNR 0.6 0.8 
15 nm AuNS 1.2 2.5 
50 nm AuNS 1.5 8 
 
 
Furthermore, at identical O.D. of AuNR and AuNS solutions, the number of spheres is 
much higher than that of rods. According to literature, the number of 50 nm spherules at O.D. 
1 in comparison to the rods was more than two times higher and that of the 15 nm AuNS was 
even 115 times higher than that of the rods (cAuNR = 1.45 × 107 /µL, cAuNS,15nm = 1.67 × 109 /µL 
and cAuNS,50nm = 3.33 × 107/µL) (Keul et al. 2007a; Keul et al. 2007b). Additionally, it should be 
noted that the different particles exhibit different volumes. Assuming a cylindrical morphology 
for the rods, the volume of 50 nm AuNS compared to that of the rods is seven fold higher and 
that of the 15 nm particles is five fold lower (vAuNR = 8800 nm³, vAuNS,15nm = 1800 nm³ and 
vAuNS,50nm = 65,000 nm³ ). Since it is assumed that more energy is required for the uptake of a 
bigger nanoparticle by the cell, the volume was corrected in data evaluation by division by 
five (in case of the small spheres) and multiplication by seven for the big spheres. The 
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calculation for the 15 nm spherules compared to the rods is as follows: 2 x (cPmax) x 115.15 
(particle number) / 4.8 (volume correction) = 47.9 and for the 50 nm spheres compared to the 
nanorods: 2.5 x (cPmax) x 2.27 (particle number) * 7.3 (volume correction) = 41.4 fold. 
Assuming all parameters, the uptake of rods was 48 times more efficient than that of spheres 
exhibiting the same diameter (15 nm) and 41 fold more efficient than the spheres of the 
same diameter as the rods’ length (50 nm).  
As shown in Figure 3.1.3.B, it was further found that HeLa cells also internalized gold 
nanoparticles. The efficiency of nanoparticle internalization of HeLa cells was much lower 
than that of macrophages and monocytes. As an additional human primary cell, we tested 
the uptake of CTAB-coated gold nanorods by human primary fibroblasts. It was found that 
fibroblasts like lymphocytes did not take up any particles. Considering that at O.D. 0.8, only 
one percent of the HeLa cells (epithelial cells of cervical cancer) contained gold 
nanoparticles while 87% of the monocytes and 95% of the macrophages contained gold, the 
uptake by the professional phagocytes was 80-100 times more efficient (Figure 3.1.3.B.C). 
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Figure 3.1.3.B: Uptake of gold nanorods by unprofessional phagocytes. Human fibroblasts (A) did  
not internalize nanoparticles and HeLa cells showed only a weak uptake of particles and only at very 
high concentrations (B). Concentration dependent uptake of 15 x 50 nm CTAB-coated AuNR by 
different cell types after 60 minutes of incubation followed by seedless deposition (C). Data represent 
mean values ± standard deviation (n = 8). 
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As shown in Table 3.1.2, coating of nanoparticles with PEG-OH significantly inhibited the 
short-term uptake by human immune cells within 60 minutes of incubation with nanoparticles. 
The uptake of PEG stabilized nanoparticles with COOH or NH2 endgroups was almost 
identical. To test whether PEG-stabilized nanorods are ingested by macrophages after 
longer incubation times, macrophages were incubated with PEG-OH stabilied nanorods for 
one, 24 and 48 hours. As shown in Figure 3.1.3.C, the uptake of the PEG-coated 
nanoparticles increased with time and concentration and was delayed for 48 hours. It was 
further found that the PEG-modified nanorods remained inside macrophages even after 
seven days of culture (Figure 3.1.3.C).  
 
Figure 3.1.3.C: Time and concentration dependent uptake of CTAB- and PEG-coated nanorods. Data 
represents mean values ± S.D. of N = 6 (A). TEM of PEG-stabilized particles after seven days culture 
with macrophages (B, C).  
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3.1.4 Investigation of the nanoparticle uptake mechanism using inhibitors 
Macrophages express various receptors which are involved in the recognition of pathogens 
(Martinez et al. 2008). To investigate molecular mechanisms of AuNP uptake by 
macrophages, we inhibited uptake pathways which were described to be relevant for 
nanoparticle uptake (Dobrovolskaia and McNeil 2007). As shown in Figure 3.1.4, gold 
nanoparticle uptake was almost completely suppressed by incubation at 4°C (0.5% gold-
including cells). Endocytosis can be inhibited using agents blocking the polymerization of 
actin, for example, Cytochalasin D (Conner and Schmid 2003). It was found that there is a 
dose-dependent inhibition and the maximum effect at a concentration of 40 µM where the 
number of cells containing gold was reduced to 29%. Further increase of the concentration 
resulted in cell viability <90%. Piceatannol which inhibits Fc-receptor mediated uptake 
(Wernersson et al. 1999) did not inhibit the uptake of nanoparticles. High concentrations of 
mannan that inhibit uptake via the mannose receptor (Taylor et al. 2005) did not reduce the 
number of cells that scored positive for gold (Figure 3.1.4). Fresh serum as a source of 
complement proteins did not increase the number of cells that internalized nanoparticles at 
concentrations of nanoparticles.  
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Figure 3.1.4: Studies on the uptake mechanism for gold nanorods by human macrophages. Inhibition 
of gold nanorod uptake by human macrophages using low temperature, Cytochalasin D, piceatannol, 
and mannan after 60 minutes of incubation with CTAB-coated gold nanorods at O.D.0.6. * P < 0.01. 
Data represent mean values and standard deviation (n = 6).   
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3.1.5 Extracellular trapping of nanoparticles by human immune cells 
As described above (parts 3.1.1-3.1.4), only very few granulocytes scored positive in 
seedless deposition. Neutrophil granulocytes release extracellular structures, neutrophil 
extracellular traps (NETs) that trap and kill bacteria extracellularly (Brinkmann et al. 2004). It 
was found that these structures also trapped nanoparticles which becomes evident in the 
formation of networks consisting of cells, extracellular traps and particles (Figure 3.1.5.A). 
Neutrophil granulocytes led to the highest percentage of cells involved in network formation 
with a significant difference to all other cell types. Interestingly, also monocytes and 
macrophages produced such extracellular structures. Lymphocytes and dendritic cells did 
not produce networks (Figure 3.1.5.B). 
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Figure 3.1.5.A.: Different human immune cells located in cell-gold networks after 15 minutes of 
incubation with gold nanoparticles. (A) Neutrophil granulocytes formed the significantly highest amount 
of cell-gold networks (*** p < 0.001), less were induced by monocytes (B) and the fewest were found 
with macrophages (C). Immature (D) and mature dendritic cells (E) as well as lymphocytes (F) did not 
form such networks. (G) Percent of the various cell populations involved in NET formation. Mean 
values ± standard deviation (n = 6). 
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As shown in Table 3.1.5, the formation of the extracellular structures occurred rapidly 
within 15 minutes and after 60 minutes, the number of cells involved in network formation 
increased for one third. The sizes of cell-gold formations varied from two up to several 
dozens of cells. Nanorod surface chemistry had a negligible influence on network formation 
but a strong impact on the relative percentage of networks bearing gold. Positively loaded 
particles (CTAB as well as PEG-NH2-coated) were more frequently (72-92%) located inside 
the structures than PEG-OH or PEG-COOH-stabilized particles (12-15%). Monocytes and 
macrophages generally showed a smaller portion of interconnected cells. The relative 
amount of trapped particles was not significantly different for 15 nm AuNS compared to 
AuNR at corresponding optical density and the same coatings (Table 3.1.5). Results of 
extracellular nanoparticle trapping were similar for monocytes and macrophages considering 
that in general fewer cells were involved into cell-particle networks. Dendritic cells and 
lymphocytes were not involved in the formation of extracellular traps. 
 
Table 3.1.5: Relative portion of granulocytes involved in network formation after incubation with gold 
nanorods (middle) and related portion of networks containing nanoparticles (right) after 15 and 60 min 
of incubation. Data represent mean values ± standard deviation (n = 6).  
Percent of cells involved in 
the networks 
Percent of networks 
containing AuNPs Type of 
nanoparticle 
Surface 
modification 
and treatment 15 min 60 min 15 min 60 min 
Control without nanoparticles 25.4 ± 9.5 32.5 ± 8.6 0 0 
HS-PEG-OH 18.9 ± 7.2 29.8 ± 11.2 15.1 ± 7.1 12.2 ± 5.1 
HS-PEG-COOH 22.6 ± 6.2 30.5 ± 11.5 13.2 ± 3.7 13.1 ± 6.2 
HS-PEG-NH2 21.5 ± 8.3 32.6 ± 13.6 72.7 ± 12.0 76.2 ± 13.2 
AuNR 
 
15 x 50 nm 
CTAB 25.1 ± 12.8 34.8 ± 14.1 91.2 ± 9.8 88.2 ± 6.8 
HS-PEG-OH 22.6 ± 10.5  27.6 ± 11.0  12.1 ± 3.5 12.2 ± 4.2 AuNS 
 
D = 15 nm CTAB 24.8 ± 8.5 36.9 ± 8.9 89.7 ± 9.8 91.2 ± 8.4 
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3.1.6 Inhibition studies on extracellular traps 
To addres the question whether the extracellular structures were extracellular traps, 
staining with DAPI was performed which results in the decoloration of DNA  (Kapuscinski and 
Skoczylas 1978). DNA is the major constituent of neutrophil extracellular traps (Brinkmann et 
al. 2004). Staining with DAPI resulted in blue colorization of the aggregates which proved the 
presence of DNA in the structures (Figure 3.1.6.A). When the structures were treated with 
DNase prior to DAPI staining, no blue coloration was obtained. DNase treatment significantly 
decreased the percentage of cells involved in the formation of network structures whereas 
gold was still detectable (Figure 3.1.6.B). Transmission electron microscopy studies have 
confirmed that the nanorods were located in extracellular space (Figure 3.1.6.C and D) and 
were not surrounded by membranes. Treatment with Cytochalasin D, an inhibitor of 
endocytosis (Conner and Schmid 2003), had no limiting effects on network formation and on 
cell-gold matrix formation.  
 
Figure 3.1.6: Neutrophil granulocytes after incubation with CTAB coated gold nanorods. (A) DAPI 
staining of immobilized cells demonstrated that the structures in which gold nanorods were entrapped 
consisted of DNA (blue staining), the major constituent of neutrophil extracellular traps. (B) Structure 
formation could be abrogated using DNase. (C) Ultrathin sections revealed that the particles were 
located extracellularly and (D) stuck inside extracellular traps and were not surrounded by a 
membrane. Bar (A, B) = 20 µm, C = 200 nm and D = 50 nm. 
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3.1.7 Expression of function-associated surface markers 
Colloidal gold has been successfully used as a therapy for rheumatoid arthritis (Forestier 
1929) and recent studies confirmed the biocompatibility and low toxicity for nanoparticles 
>1.8 nm (Pan et al. 2007). However, little is known about the inflammatory potential of 
metallic nanoparticles and potential roles of particle surface chemistry. To study the effects of 
nanoparticle surface chemistry on the inflammatory response, we investigated phenotypic 
alterations in M1 and M2 cells. It was found that nanoparticle surface chemistry led to 
marked phenotypic alterations after seven days of culture with nanoparticles. PEG-NH2 
coating significantly increased the number of anti-inflammatory (M2) macrophages 
expressing CD163 and decreased the number of pro-inflammatory macrophages (M1) which 
express 27E10. PEG-COOH-stabilized rods induced the opposite effect. The PEG-OH rods 
had no regulating effect on the expression of functional surface antigens, similar to CTAB 
(Figure 3.1.7.A).   
 
Figure 3.1.7.A: Alteration of macrophage phenotype after seven days of culture with nanoparticles. 
Expression of the macrophage surface antigens CD163 and 27E10 was significantly altered by 
differently modified gold nanorods as determined using flow cytometry. * P < 0.01. Data represent 
mean values and standard deviation (n = 6).   
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Flow cytometric analysis of dendritic cells (DC) revealed further that the nanorod stabilizer 
and its endgroups influenced the expression of function-associated surface antigens of DC. 
All particles led to weak decreases in the number of cells expressing CD14, similar to the 
effects of cytokines used for the generation of mature DC. CD1a expression was almost 
unaffected by the nanoparticles. Both charged PEG endgroups (NH2 and COOH) significantly 
increased the number of cells expressing CD83 and CD86. The number of cells expressing 
CD80 and HLA-DR was weakly enhanced by amine and carboxy modified rods (Figure 
3.1.7.B).  
 
Figure 3.1.7.B: Alteration of dendritic cell phenotype after three days of culture with gold nanorods. 
Positively and negatively charged nanoparticle endgroups significantly enhanced the number of cells 
expressing CD83 and CD86. * P < 0.01. Data represent mean values and standard deviation (n = 4).    
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In summary, it was found that positively or negatively charged endgroups of PEG-stabilized 
nanorods induce a charge-specific polarization of macrophages whereas the maturation of 
dendritic cells was generally induced by charged endgroups. 
 
3.1.8 Effects of nanorod chemistry on macrophage mediator expression 
To study the impact of nanorod surface chemistry on the activation stage of macrophages, 
we further studied the expression of selected inflammation relevant genes. Among these 
were interleukin-1β (IL1β), IL8, IL10, myeloperoxidase (MPO), toll-like receptor 2 (TLR2),  
CD163 and S100A9.  
It was observed in clustering analysis that the nanorods induced differential expression of 
important macrophage cytokines and a chemokine after 24 hours of culture with 
macrophages (Figure 3.1.8.A). IL8 was the gene most strongly affected by the different rods 
thus it formed the first branch. It was down-regulated four-fold by PEG-OH and down-
regulated 20-fold by PEG-NH2-coated rods. In contrast, CTAB-coated rods led to 
upregulation (12-fold) and PEG-COOH coating to 33-fold over-expression. The second 
branch included S100A9 and IL1β which were both up-regulated by the PEG-OH- as well as 
the PEG-COOH-coated rods. CTAB-coating induced down-regulation of both S100A9 and 
IL1β. The third branch separated TLR2 which showed a down-regulated tendency by the 
PEG-NH2- and the PEG-COOH-stabilized nanorods. The fourth branch included MPO which 
was down-regulated by PEG-OH as well as PEG-NH2 but up-regulated by the PEG-COOH 
and the CTAB coatings. The fifth branch included IL10 and CD163 which were both down-
regulated by the PEG-NH2 and up-regulated by the CTAB-coated rods (Figure 3.1.8.A).  
It was shown further that nanorod chemistry influences the release of cytokines by 
macrophages. Carboxy-modified nanoparticles significantly enhanced the production of the 
pro-inflammatory cytokines IL1β, IL6 and CCL2. PEG-OH coated nanorods stimulated IL1β 
and CCL2 secretion. Amine-termination of PEG strongly reduced the release of pro-
inflammatory cytokines (Figure 3.1.8.B). 
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Figure 3.1.8.A: Changes in the expression of inflammation relevant genes in macrophages after 24 
hours of incubation with gold nanorods. Data were generated using TaqMan-based Real-Time PCR. 
Data represent mean values (n = 6).   
 
 
Figure 3.1.8.B: Release of pro-inflammatory cytokines by macrophages in response to different 
nanorod surface chemistries after 7 days of culture. Measured using the FlowCytomix system. * P < 
0.01. Data represent mean values and standard deviation (n = 6).  
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3.2. Macrophage responses to different perfluoropolyether 
micropatterns 
In the second part of this thesis, the impact of two-dimensional microtopographies on the 
inflammatory response of human macrophages has been studied using four different 
microstructured patterns: regular grooves, large cylindric posts as well as small posts with 
two different periods. Hydrophobic fluorinated polymers are well suited for culturing 
macrophages (Andreesen et al. 1983). This can be led back to the fact that they increase the 
portion of anti-inflammatory M2 cells compared to hydrophilic polymers (Bhardwaj et al. 
1997). The results of this part of the thesis were published in Acta Biomaterialia (Bartneck et 
al. 2010c). 
 
3.2.1 Characterization of substrates  
Perfluoropolyether (PFPE) is a novel non-degradable homo-polymer with a high fluorine 
content which shows chemical inertness, solvent and high temperature resistance, 
transparency, lipophobicity and very low surface energy. Microstructures generated using 
replica molding are chemically identical (Lensen et al. 2008) and therefore, are ideal for 
studies on topography apart from chemical composition. PFPE is highly hydrophobic 
exhibiting a contact angle of 110 ± 2.0°, even comp ared to that of PVDF which was 81 ± 
1.6°.  
 
3.2.2 Effects of topography on macrophage morphology and viability 
After seven days of culture on the different substrates, cell morphology was markedly 
different on all substrates (Figure 3.2.2). Macrophages preferably aligned inside the channels 
of the line-pattern and attached to one or both sides (Figure 3.2.2.A.A). The most interesting 
morphology was observed when cultured on the large posts: cells attached on the 
perpendicular side (B). Small posts with a larger period induced the formation of a thin and 
long morphology (C) whereas identically sized posts with a smaller distance induced round 
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and angled cells (D). Cells attached well to smooth PFPE and were round-shaped (E) 
whereas PVDF induced a frayed and round cell shape (F).  
 
Figure 3.2.2.A: Morphology of macrophages induced by different topographies. After seven days of 
macrophage culture on the different substrates (A-E: PFPE, F: PVDF): lines (A), large posts (B), small 
post large distance (C), small posts with small distance (D), smooth PFPE (E) and smooth PVDF (F). 
Bar = 30µm.  
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The shape of the nuclei was not affected by the structures (Figure 3.2.2.B.A). Viability of 
attached cells was >90% as determined using FDA-PI staining, as a representative example, 
macrophages attached to the large posts are depicted (B). 
 
Figure 3.2.2.B: Characterization of nuclei shape and viability of macrophages attached to the large 
posts. DAPI staining of nuclei (A) and live-dead staining using FDA-PI (B) of macrophages attached to 
the large posts. The nuclei were of normal round shape and attached cells were viable.  
 
3.2.3 Expression of function associated surface markers by macrophages 
To study the impact of the different surface structures on macrophage phenotype we co-
stained the cells with the function associated surface marker CD163 which is expressed by 
macrophages of the M2 type (anti-inflammatory) and with the 27E10 marker expressed by 
M1 (pro-inflammatory) macrophages. Compared to smooth PFPE, the line-patterned 
substrate had a strong decreasing effect on the number of CD163+ cells but enhanced the 
number of 27E10+ cells. The large posts and the small posts with large distance led to an 
increased number of CD163 expressing cells. The number of cells expressing 27E10 was 
significantly increased by the small posts with small distance (p<0.001), but posts of the 
same size with a larger distance as well as the large posts did not lead to any increase. As 
expected, LPS treatment strongly inhibited the number of CD163 cells and increased the 
number of 27E10 positive cells. Smooth PVDF caused a lower number of anti-inflammatory 
and a higher number of pro-inflammatory macrophages compared to PFPE (Figure 3.2.3.A).  
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Figure 3.2.3.A: Expression of the function associated macrophage surface markers CD163 and 
27E10 in response to microstructures. Percent of macrophages positive for CD163 (A) and 27E10 (B) 
and the M2 to M1 ratio (C) which is obtained by dividing CD163 by 27E10. *** p < 0.001. Mean values 
± S.D.( n = 6). 
 
Two color flow cytometry also revealed that the large posts and the lines led to a significant 
increase in the number of double-positive macrophages (p < 0.001). All other structures and 
even LPS did not alter the fractions of such cells (Figure 3.2.3.A.C). A representative scatter-
plot shows that the double positive cells resemble CD163+ macrophages most and were 
larger and exhibited a higher granularity than 27E10+ cells (Figure 3.2.3.B).  
 
Figure 3.2.3.B: Flow cytometric analysis of macrophages cultured on different PFPE substrates co-
expressing CD163 and 27E10. Percentage of double positive cells, *** p < 0.001. Mean values ± S.D., 
N = 6 (A). Scatter-plot of a representative experiment showing double positive cells in yellow, CD163+ 
in red and 27E10+ cells in green (B). 
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3.2.4 Topographical control of cytokine release 
As shown in Figure 3.2.4 macrophages varied in their production of cytokines, specifically 
CCL2, CCL3, CSF-3, CXCL9, CXCL10, IL1β, IL6 and IL10 were altered in response to the 
different surface topographies. The release of the chemokine CCL2 (MCP1) was significantly 
enhanced by the small posts with small distance and its level was notably comparable to that 
elicited by LPS. In contrast, the same posts with a larger distance decreased CCL2 secretion 
while the large posts only led to weak effects. The lines also inhibited CCL2 release. The 
production of the chemokine CCL3 (MIP1α) was induced by the line-pattern only, although its 
release was very low (two orders of magnitude lower than its induction by LPS). The release 
of the granulocyte growth factor (colony stimulating factor 3, CSF3) was inhibited completely 
by the large posts, the line-pattern and also by PVDF.  
The production of the chemokine CXCL9 (MIG) was decreased by all cylindrical patterns 
as well as PVDF but not by the lines. On the other hand, all micropatterns especially the 
large posts, led to a decrease in the release of the CXCL10 (IP-10). The release of this 
chemokine was much higher on PVDF than on any of the PFPE substrates and one order of 
magnitude smaller than that observed by LPS stimulation. The release of the cytokine 
interleukin 1 β (IL1β) was weakly induced by the small posts but completely inhibited by the 
lines and also by PVDF. The production of the cytokine interleukin 6 (IL6) increased in 
response to the large posts and the lines though one magnitude below LPS induction. The 
release of cytokine IL10 was restricted to LPS treatment (Figure 3.2.4). Like IL10, all other 
cytokines or chemokines investigated (TNFα, TNFβ, CCL4 (MIP1b), IL2, IL10, IL12p70 and 
IFNγ) were also induced by LPS.  
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Figure 3.2.4: Cytokine, chemokine and growth factor release from macrophages in response to 
different structures after 7 days of culture. Measured using the FlowCytomix system. ** P < 0.01 and 
*** p < 0.001. Data represent mean values ± S.D. of N = 6.  
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3.2.5 Effect of topography on macrophage inflammatory gene expression 
In addition to cytokine release we also analyzed the regulation of selected inflammation 
related genes coding for cytokines and further genes which have recently been found to be 
regulated by a PVDF substrate with a surface microstructure consisting of posts (Paul et al. 
2008). Among these were: elastase 2 (ELA2), myeloperoxidase (MPO), stabilin-1 (STAB1) 
and the solute carrier organic anion transporter family member 2B1 (SLCO2B1). Evaluation 
of gene expression is shown in a gene expression heatmap with hierarchical clustering 
analysis (HCA) for genes and structures. Groups of genes and structures are formed based 
on their similarity. LPS was included in the first, the large post-structure formed the second, 
PVDF the third, the lines the fourth and the small posts with small as well as with large 
distance were included in the fifth branch.  
We found that CXCL10 was the gene most strongly affected by topography. Therefore, it is 
located in the first gene clustering branch. The large posts led to a remarkable fifty-fold 
down-regulation whereas LPS treatment resulted in a 5000-fold up-regulation. Both small 
post-patterns as well as the lines enhanced the expression of CXCL10 mRNA. The other 
genes formed two groups (numbers are located at the branches of each group): the first 
branch of the first group included ELA2, the second CD163, the third SLCO2B1, the fourth 
S100A9 and the fifth branch included STAB1 and MPO. The first branch of the second group 
included IL8 and the second contained IL10 and IL1β. In accordance with the protein data, 
gene expression of IL1β was also down-regulated by the line-pattern (Figure 3.2.5). Even 
though IL10 was not detected on the protein level we found a differential expression of the 
mRNA-level: a ten-fold down-regulation by the line-pattern. LPS, the positive control for pro-
inflammatory gene expression induced up-regulation of all cytokines as well as S100A9 and 
down-regulated CD163 expression. 
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Figure 3.2.5: Gene expression heatmap of Real-Time PCR data (log 2 ratios) as induced by the 
different PFPE structures. Hierarchical clustering analysis was performed for genes and materials and 
results in groups based on similarity. All structures were set in relation to smooth PFPE. Data 
represent mean values (n = 6). 
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3.2.6 Relationships between micropatterns and macrophage function 
In order to determine relationships among the geometrical data of the micropattern and 
macrophage responses, ratios between three different geometrical parameters were 
calculated and compared to the expression of function-associated surface markers and 
selected macrophage mediators. The geometrical data include the period-to-size-ratio and 
the area fraction which were calculated from the geometrical data of the structures. The area 
fraction is calculated by dividing the three-dimensional area of the structure by the area 
which it covers on the surface. With respect to the cellular response, the M2-to-M1 ratio, 
defined by the ratio of the expression of the M2 marker CD163 and the M1 marker 27E10 
was chosen (Figure 3.2.3.A). Additionally, we chose the most strongly affected chemokines 
CCL2, CXCL10 and IL-8 (Figure 3.2.4 and 3.2.5).    
Using statistical software the most suitable nonlinear function for the geometrical sizes of 
the structures and the corresponding mediator expression was determined. The R2 value 
obtained from nonlinear regression was compared to that of the r2 value obtained from linear 
regression. It was found that most relationships between macrophage response and 
structure geometry followed nonlinear functions (Figure 3.2.6 A,B,D). The M2 to M1 ratio 
when plotted against the area fraction (Figure 3.2.6.A), as well as the expression of the IL8 
gene when plotted against the relation of period to size (B), followed Gaussian distributions. 
CXCL10 gene expression (C) decreased in a linear manner and a nonlinear function could 
not be calculated. CCL2 protein release decreased in the manner of one-phase exponential 
decay (Figure 3.2.6.D) with increasing period of the structures.  
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Figure 3.2.6: Mathematical relations of macrophage response with micropattern geometry shown by 
nonlinear and linear fit with regression curves. R2: Nonlinear and r2: linear regression. Each square 
represents one pattern (n  = 6). Data partially taken from literature (Paul et al. 2008). 
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3.3. Macrophage response to hydrogel-coated surfaces 
PEG is a US Food and Drug Administration (FDA) approved long-chain polymer of 
ethylene oxide commercially available in molecular weights of 300 g/mol to 10,000,000 
g/mol. Many products contain an average molecular weight of 3350 g/mol (FDA 2010). This 
hydrogel is used in the production of intraocular lenses, contact lenses and corneal 
bandages. Coating of biomaterial surfaces with PEG-based hydrogels is known to inhibit cell 
attachment and protein adsorption. Due to the highly reactive isocyanate endgroups, Star 
PEG molecules form a dense network on the substrate with a high polymer surface coverage 
(Groll et al. 2005). Because  macrophages are present throughout the body, the effects of 
hydrogel substrates on macrophages were studied.  
3.3.1 Hydrogel characterization, cell attachment and viability 
The Star PEG based hydrogels were highly hydrophilic and contact angles <40° were 
determined. In the first three days of culture, macrophages attached to the hydrogels in the 
form of cell clusters consisting of ten to several hundreds of cells (Figure 3.3.1.A). After more 
than three days of culture, the cells formed a dense cell layer (Figure 3.3.1.B). Cell viability 
was not affected by hydrogels after seven days of culture as determined using Trypan Blue 
staining (>90% viable cells). Fibroblasts neither attached to Star PEG coated substrates nor 
to the Star PEG-glycidol substrates, but attached to substrates functionalized with the Star 
PEG bound RGD peptide.  
. 
Figure 3.3.1: Attachment of macrophages to Star PEG-coated substrates. Initially, the cells formed 
cell clusters (A) and after more than three days of culture, layers of cells were formed (B). 
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 3.3.2 Expression of function-associated surfaces antigens  
Stimulation of macrophages with glucocorticoids or IL4 induces specific sub-types of 
alternatively activated M2 macrophages whereas LPS induces classically activated M1 cells 
(Martinez et al. 2008). To determine the number of cells expressing function-associated 
antigens, two color flow cytometry using CD163 and 27E10 was performed. It was observed 
that all hydrogels led to a significant increase in the number of macrophages expressing 
CD163, an even larger number of cells than induced by glucocorticoids. The number of cells 
expressing 27E10 was weakly increased by Star PEG-RGD (Figure 3.3.2.A). To compare the 
effects of Star PEG to these stimuli, we also treated cells with a glucocorticoid 
(Dexamethasone), interleukin 4 and bacterial lipopolysaccharide (LPS). The strong 
expression of CD163 by the cells was also observed in fluorescence microscopy (Figure 
3.3.2.B).  
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Figure 3.3.2.A: Alteration of the expression of the macrophage function-associated surface antigens 
CD163 and 27E10 after seven days of culture on Star PEG based hydrogels. For comparison, 
alternative stimulation using glucocorticoids (Dexamethasone, Dex) and interleukin 4 (IL4) and 
classical stimulation with bacterial products (lipopolysaccharide, LPS) was performed. * P < 0.01. Data 
represent mean values (n = 6 ). 
 
 
Figure 3.3.2.B: Fluorescence microscopical staining of CD163 (red), 27E10 (green), and nuclei 
staining (blue) of macrophages attached to Star PEG after seven days of culture. CD163 was 
expressed in response to the hydrogel.   
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The scatter-plots obtained from flow cytometry revealed further that the hydrogels led to a 
homogenous macrophage population characterized by low variations in cell size as reflected 
by forward scattering light (FCS) as well as in granularity, represented by sideward scattering 
light (SSC). Results were similar for all other Star PEG derivatives. As a representative 
experiment, the scatter plot of the mostly CD163 positive macrophages cultured on Star-
PEG-coated glass slides is shown (Figure 3.3.2.C.A). Culture on TCPS led to an additional 
macrophage population exhibiting lower size and granularity that consisted mainly of 27E10 
positive cells exhibiting lower size and granularity (Figure 3.3.2.C.B). 
 
Figure 3.3.2.C: Alteration of macrophage size and granularity by Star PEG as determined using flow 
cytometry. Culture on Star PEG and derivative groups (RGD, GLF, or glycidol) resulted in one 
homogenous macrophage population strongly expressing CD163 (A) whereas culture on tissue culture 
treated polystyrol (TCPS; B) led to an additional population of cells expressing 27E10.  
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3.3.3 Effects of hydrogels on the expression of inflammatory mediators  
The regulation of the expression of 16 inflammation relevant genes (VEGFA, TLR2, 
STAB1, SLCO2B1, S100A9, MPO, IL-6, IL1RA, IL1-beta, IL10, ELA2, CXCL8, CXCL10, 
CD163, CCL18 and ANGPT-1) by Star PEG was studied using real-time quantitative PCR. 
Tissue culture polystyrol (TCPS) was used to calculate up and down-regulation of gene 
expression. Additional controls included cells treated with IL4, Dex and LPS.   
As shown in Figure 3.3.3.A, Star PEG led to the differential regulation of 14 genes (87.5%). 
Of these, 13 (81.25%) were up-regulated, one gene was down-regulated and two genes 
(12.5%) were unaffected. In the order of decreasing expression, CCL18 was the gene most 
strongly affected by culture on Star PEG substrates: a 3.7 million-fold up-regulation was 
monitored. The expression levels of IL8 and IL1β were more than 400-fold enhanced. IL6 
was almost 300-fold up-regulated and in case of ELA2, 86-fold up-regulation was observed. 
A strong over-expression of VEGFA was detected that was almost 55 times higher than the 
control and the expression level of MPO transcripts was 20 times higher. Gene expression of 
IL10 was enhanced 13-fold and that of TLR2 was more than seven-fold higher. SLCO2B1 
and S100A9 were over-expressed four-fold and IL1RA was up-regulated two-fold. Down-
regulation was observed for STAB1 only (Figure 3.3.3.A).  
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Figure 3.3.3.A: Gene expression in response to Star PEG compared to alternative and classical 
stimulation after seven days of culture. Alternative stimulation was performed using glucocorticoids 
(Dexamethasone, Dex) and interleukin 4 (IL4) for classical stimulation, bacterial products 
(lipopolysaccharide, LPS) were used. Data represent mean values (n = 6). 
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Star PEG-coating of glass substrates led to significant increases in the release of IL1β, IL6, 
CCL2 and TNFα rotein compared to polystyrol controls. Remarkably, the amounts of IL1β 
and IL6 were even higher than after stimulation with LPS. The release of IL8 was significantly 
decreased. Release of CSF-3 and CCL4 was induced as well but on a level which was much 
lower than the induction by LPS (Figure 3.3.3.B). The release of CXCL9, IL10 and IL12 was 
induced by LPS only.   
 
Figure 3.3.3.B: Cytokine release of macrophages after seven days of culture on Star PEG compared 
to alternative and classical stimulation as well as TCPS as negative control. Alternative stimulation 
was performed using glucocorticoids (Dexamethasone, Dex) and interleukin 4 (IL4). For classical 
stimulation, bacterial products (lipopolysaccharide, LPS) were used. Data represent mean values (n = 
6). 
 
In summary, these data show that Star PEG modified surfaces strongly influenced the 
expression of inflammatory mediators by macrophages. 
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 3.4. Macrophage responses to three-dimensional nanofibers 
In the fourth part of this thesis, the interactions of macrophages with three-dimensional 
nanofibers were studied. Two different polymers were used for the generation of fibres, 
PLGA and PLGA-Star PEG. Three different amounts of nanofibres were tested for their rate 
of degradation by macrophages. The inflammatory response to nanofibres was studied on 
the level of the expression of function-associated surface markers and cytokine release of 
macrophages. Nanofibres are, in addition to medical applications (Heffels 2008), also of 
interest for basic research because of their similarity to the three-dimensional extracellular 
matrix (ECM).  
3.4.1 Nanofiber characterization and macrophage attachment, morphology and 
viability 
The PLGA fiber meshes were highly hydrophobic (a contact angle of 120° was measured) 
and even more hydrophobic than bulk PLGA (80°). In contrast, PLGA-Star PEG fibers were 
highly hydrophilic, thus the contact angle of PLGA-Star PEG fibers could not be assessed 
because droplets immediately soaked into the mesh.  
Macrophages immediately attached to both PLGA and PLGA-Star PEG nanofibers. On 
Star PEG coated glass slides, the cells formed a dense layer consisting mainly of large 
macrophages that were approximately 40 µm in diameter (Figure 3.4.1.A). The diameter of 
the cells decreased with increasing amounts of fibers. After culture on low amounts of fibers, 
the mean diameter of cells was 30 µm (Figure 3.4.1.B) and after culture on high amounts of 
fibres it was decreased for 50% to 15 µm (Figure 3.4.1.D). The nanofibers had no effect on 
cell viability (>90% viable cells). Fibroblasts, which were studied as a primary control cell, did 
not attach to the nanofibers even after three days of culture.  
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Figure 3.4.1: Macrophage adhearance to Star PEG-coated glass slides and nanofibers. Cells cultured 
on Star PEG coated glass slides (A), few (B), medium (C) and high amounts of PLGA-Star PEG 
nanofibres (D).  
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3.4.2 Macrophage-mediated degradation of nanofibers 
To compare the effects of hydrolysis to the cell-mediated degradation of nanofibers, the 
degradation of fibers by medium containing 5% serum was measured and compared to the 
rate of degradation in identical medium also containing macrophages. To determine the 
degree of fiber degradation, the area covered by intact fibers observed in light microscopy 
was determined. As a representative example, Figure 3.4.2.A depicts the rapid degradation 
of PLGA nanofibers (A) compared to PLGA-Star PEG based fibers after seven days of 
culture with macrophages.  
 
Figure 3.4.2.A: Macrophage--mediated degradation of nanofibers composed of different materials. 
Nanofibers generated from PLGA (A) were more rapidly degraded than those made of PLGA-Star 
PEG (B) which becomes visible after seven days of culture with macrophages 
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 Half of the area covered with low amounts of PLGA nanofibers was degraded by the cells 
after three days whereas identical PLGA-Star PEG fibers remained almost unchanged (89% 
of the fibers remained; Figure 3.4.2.B). Low amounts of PLGA nanofibers were almost 
completely degraded (only 7% fibers remaining) by monocytes after seven days of culture, 
compared to 85% intact PLGA-Star PEG fibers. Higher amounts of fibers of both materials 
led to decreased amounts of degraded fibers. The degradation of PLGA by macrophages 
occurred most rapidly in all experiments, followed by the degradation of PLGA by medium, 
cell-mediated degradation of PLGA-Star PEG fibers and medium mediated degradation of 
PLGA-Star PEG fibers (Figure 3.4.2.B). In summary, these data show that the degradation of 
nanofibers by macrophages happens much faster than hydrolysis-driven degradation and 
that the speed of degradation strongly depends on the material. 
 
Figure 3.4.2.B: Comparison of hydrolysis and degradation of low (A), medium (B) and high amounts 
of nanofibers (C) by macrophages. The degradation of PLGA was strongly enhanced compared to 
PLGA-Star PEG and to hydrolytic degradation by medium only. Data generated using optical 
microscopy. Data represent mean values (n = 6). 
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3.4.3 Effects of nanofibers on the expression of macrophage function-
associated antigens 
To study the influence of nanofibres on the number of macrophages expressing the 
function-associated surface markers CD163 and 27E10, flow cytometry was performed. The 
expression of both markers varied among both types of fibers. PLGA fibers induced an 
increase in the number of cells expressing CD163 whereas PLGA-Star PEG fibers strongly 
reduced this cell population. Increasing amounts of fibers led to an increased number of cells 
expressing 27E10 (Figure 3.4.3).  
 
Figure 3.4.3: Expression of the function-associated surface markers CD163 and 27E10 by 
macrophages after seven days of culture on nanofibers. PLGA-Star PEG fibers strongly decreased the 
number of cells expressing CD163 and enhanced the number of those exhibiting 27E10. * p < 0.01 
indicates statistical significance. * P < 0.01. Data represent mean values (n = 4).  
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3.4.4 Cytokine release of macrophages in response to nanofibers 
As shown in Figure 3.4.4, the production of cytokines by macrophages varied in response 
to the different nanofibers. The strongest effects for fiber-induced cytokine regulation were 
found for the secretion of IL1β, IL6, IL8 and TNFα. The release of IL1β decreased with 
increasing amounts of fibers. The levels of secreted IL6 and CCL2 were elevated by medium 
and inhibited by low and high amounts of fibers. The release of the cytokine TNFα was 
significantly enhanced by low amounts of fibers immobilized to Star PEG what may be lead 
back to the contact of the cells to the hydrogel which enhances release of the cytokine. 
Additional fibers decreased the amount of TNFα release when these were immobilized to 
Star PEG substrates.  
In contrast to the inhibitory effects of high amounts of fibers on IL1 β, IL6 and CCL2 
release, the level of IL8 was enhanced by increasing amounts of fibers. High amounts of 
fibers also significantly increased the amounts of the chemokines CCL3 and CCL4 released. 
Medium amounts of fibers led to a decreased CCL2 release, most clearly observed after 
seven days. Low amounts of IL10 and CSF3 were released after culture on low amounts of 
PLGA-Star PEG fibers what may be an effect of Star PEG. Low amounts of CXCL9 were 
induced by low and medium amounts of fibers. IL12, IFNγ and TNFβ release was not 
affected by nanofibers (Figure 3.4.4).  
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Figure 3.4.4: Cytokine release of macrophages in response to nanofibers after seven days of culture. 
Low, medium and high amounts of PLGA-Star PEG nanofibers were immobilized to Star PEG 
substrates. Tissue culture treated polystyrol was used as negative control and stimulation with 
bacterial products (lipopolysaccharides, LPS) was performed to induce classical activation of 
macrophages. * p < 0.01. Data represent mean values (n = 6). 
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4. Discussion  
4.1 Interactions of human immune cells with gold nanoparticles 
4.1.1 Nanoparticle uptake and extracellular trapping   
The data presented in this thesis clearly demonstrate that macrophages are most efficient 
in the uptake of nanoparticles. This fact is of high importance for all nanoparticle-based in 
vivo applications because the sinusoidal-lining macrophages in liver and spleen are in direct 
contact with the blood (Nusrat et al. 1988). In contrast, the non-phagocytic lymphocytes do 
not contribute to AuNP uptake. The fact that low temperature led to a significant inhibition of 
nanoparticle uptake underlines the fact that the uptake is an active, specific and energy-
dependent process and that nanoparticles do not enter the cells passively by diffusion 
(Kuiper et al. 2008).  
The differences in the uptake rate and the number of internalized particles by 
macrophages and monocytes may be attributed to the bigger size of macrophages (40 µm) 
compared to monocytes (20 µm) and the resulting seven times larger volume. The sigmoid 
kinetics observed for the concentration dependent uptake are a hallmark of the uptake of 
extracellular materials by macrophages (Thilo et al. 1995). A reason for the more efficient 
uptake of the rod-shaped particles may be their morphological similarity to protein capsules 
of virus particles (Kovacs et al. 2000).  
It has been reported that after maturation the phagocytic capacity of dendritic cells (DC) is 
reduced (Nobes and Marsh 2000). Extending these findings, it was shown in this thesis that 
the stabilizing agent of nanoparticles determines the uptake of the nanoparticles by dendritic 
cells and that immature DC preferably internalize citrate-stabilized particles with a greater 
rate than mature DC and that the opposite was found to be the case for CTAB stabilized 
particles. The uptake of PEG-coated nanoparticles by dendritic cells is strongly reduced 
within short time intervals, similar to the results obtained using macrophages. 
In summary, the data obtained from flow cytometry of macrophages and dendritic cells 
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suggest that the compatibility of a given particle with innate immune cells may be optimized 
by modifying particle surface chemistry with functional endgroups. 
Interestingly, neutrophil granulocytes did not internalize nanoparticles but trapped them 
with their extracellular structures. That was not expected as they also belong to the 
professional phagocytes. The fact that monocytes also form extracellular traps can be 
attributed to the common progenitor cell of monocytes and neutrophils (Kawamoto and 
Minato 2004). According to the obtained results, B and T cells, the most important cell types 
of the lymphoid lineage, do not generate extracellular matrices. Consequently, the definition 
of these extracellular fibers was extended to extracellular traps of myeloid immune cells 
(ETMIC) (Bartneck et al. 2010b). ETMIC therefore represent a putative barrier for 
nanoparticles and nanoparticle based drug delivery systems. This kind of aggregation may 
cause serious problems when occurring in vivo, so that tests should be performed with 
nanoparticles that are intended for corresponding applications to identify the threshold 
concentration for this aggregate formation.  
Furthermore, it was shown that extracellular trapping is largely independent of the surface 
chemistry - in contrast to the strong inhibition of nanoparticle uptake by coating with PEG. In 
vivo, mechanisms of pathogen clearance have to be independent of surface charge as 
pathogens, like the investigated particles, can have any charge: they can be neutral, 
positively or negatively charged or amphiphilic (Brault et al. 2002). The enhanced trapping of 
positively charged particles suggests that this mechanism is most efficient for similarly sized 
and positively charged viruses. For example, the positive surface charge of the herpes 
simplex virus UL42 mediates DNA binding of the pathogen (Komazin-Meredith et al. 2008).  
The inhibition of NET formation using DNase is in accordance to previous work in which 
these were visualized using the DNA-intercalating agent SytoxOrange (Brinkmann et al. 
2004). The fact that gold was still detectable even after treatment with DNA might be led 
back to the fact that that proteins from the NETs such as elastase (Brinkmann et al. 2004) 
remained after DNase treatment that trapped the particles.  
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Regarding the results of the rapid uptake of nanoparticles by macrophages and monocytes 
compared to that of other cells such as cell lines an fibroblasts, it becomes evident that there 
are enourmous differences between the capacities of the professional and unprofessional 
phagocytes (Aderem and Underhill 1999). Uptake of particles into unprofessional phagocytes 
like epithelial cells or fibroblasts can be induced by specific modifications of such particles 
(Chung et al. 2008). The uptake by professional phagocytes does not need to be induced 
(Aderem and Underhill 1999). Since it has been shown that phagocytosis as well as 
macropinocytosis are equally efficient both in vitro and in vivo (Schwarzer et al. 1999), the 
presented results emphasize the necessity of human primary cells in pharmacological 
studies on nanoparticle uptake. 
4.1.2 Inhibition of nanoparticle uptake  
It is known that coating of nanoparticles with PEG can prevent uptake by phagocytes in 
short term incubation (Gref et al. 2000) which is in accordance with the data of this thesis. 
Furthermore, this thesis shows that despite the inhibition of the rapid uptake which occurs 
already after 15 minutes, there also exists a time and concentration-dependent uptake for 
PEG-coated particles. The inhibition of the rapid uptake suggests that there is a time-window 
of up to 48 hours for the in vivo administration of nanoparticles which are coated with PEG. 
The data presented in this thesis represent the first kinetic data for the uptake of gold 
nanorods by human primary macrophages.  
The observation that functional groups on the nanoparticle surface did not influence 
particle uptake might be explained by back-folding of polymer chain ends into the polymer 
layer. Due to the small diameter of the nanoparticles used here, the grafted PEG chain ends 
may have a high volume available and are therefore flexible enough that backfolding of the 
chain ends is easily possible. Thus, cells may not interact with pendant functional groups, but 
only with the PEG backbone (Dan and Tirrell 1992).   
The inhibition studies in summary show that there is no unspecific binding of complement 
proteins or antibodies to nanorods as suggested by literature (Dobrovolskaia and McNeil 
2007). Moreover, these findings show that the internalization of these nanoparticles is neither 
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Fc-receptor-mediated nor complement dependent as inhibitors on these pathways had no 
effect on particle uptake. Based on this data it is concluded that the mechanism for the 
uptake of gold nanorods is macropinocytosis and no special type of receptor-mediated 
phagocytosis (Aderem and Underhill 1999; Conner and Schmid 2003). This is in accordance 
with the TEM studies and with literature data on vesicle size (Conner and Schmid 2003).  
4.1.3 Effects of nanoparticle chemistry on the response of innate immune cells  
With the rise of nanotechnology and its applications in biomedicine, studies on the 
interaction of nanoparticles with cells have become increasingly important (Dobrovolskaia 
and McNeil 2007). The intracellular presence of CTAB, PEG and additional modifications of 
PEG with functional endgroups has been found to have strong effects on the response of 
innate immune cells. IL8 is a pro-inflammatory chemokine with neutrophil-attracting activity 
(Van Damme et al. 1990). Its differential expression in macrophages induced by nanoparticle 
surface chemistry is a novel finding and supports its use in the assessment of the 
inflammatory potency of nanoparticles. The pro-inflammatory cytokine IL1β is a central 
indicator for pro-inflammatory activation and the control center of a protein network referred 
to as the inflammasome (Martinon et al. 2002). Data suggest a co-regulation of IL1β with 
S100A9, which is one heterodimer of MRP8/14 expressed by pro-inflammatory macrophages 
(Odink et al. 1987). This study also shows that TLR2 is not influenced by surface chemistry 
but that it is generally down-regulated by all particles. It was proposed that this receptor may 
be involved in the uptake of nanoparticles since it was shown that silver nanoparticles exhibit 
differential effects on TLR signaling (Castillo et al. 2008). MPO is an enzyme which functions 
in the defense against pathogens and more than two decades ago has been shown to be 
involved in the response to foreign particles (Shepherd 1986). Interestingly, the tendency of 
its regulation is similar to that of IL8. CD163 codes for a scavenger receptor which is involved 
in the down-regulation of inflammation (Onofre et al. 2009; Zwadlo et al. 1987). 
The stabilizing ligands as well as the introduced functional endgroups of PEG were found 
to further exhibit effects on the maturation of DC: the functional endgroups NH2 and COOH 
induced the maturation of DC as reflected by a significant induction of the expression of 
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CD83 and CD86. Recently, enhancing effects of nanoparticles on DC maturation were 
reported for fullerene based nanoparticles (Yang et al. 2010). In this thesis, it was shown 
further that nanoparticle surface chemistry affects the maturation of human dendritic cells.  
In summary, these data show that the particles influence the expression of inflammatory 
related genes and that the phenotype of macrophages and dendritic cells is affected by 
nanoparticle surface chemistry. PEG-NH2 rods appear to exhibit strong anti-inflammatory 
effects because they down-regulate IL8 and up-regulate the anti-inflammatory surface 
receptor CD163. In contrast, carboxy-modified nanoparticles exhibited an increased pro-
inflammatory potency since they induced the expression of pro-inflammatory genes such as 
IL1β and IL8 and enhanced the number of cells expressing 27E10.  
These data suggest that the surface chemistry of nanoparticles may be tailored to gain 
control over nanoparticle induced inflammation induced by innate immune cells.  
4.2 Effects of micropatterned substrates on macrophages   
Macrophages are the most important cell type involved in the inflammatory response to 
foreign material such as implants, their behavior is critical for the integration of biomaterials. 
The data obtained in this study show that there are complex relations between micropatterns 
and macrophage responses. It has been reported that the microtopography strongly 
influences osseointegration and there are indications that surface topography at the nano-
level furthermore also affects the connections between bone and implant (Wennerberg and 
Albrektsson 2009). Since osteoclasts are multinucleated macrophages of the bone (Helming 
and Gordon 2009), the influence of microtopographical geometries on macrophage activation 
may also be transferred to the field of bone replacement research.  
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4.2.1 Topographical patterning modulates macrophage phenotype 
On the level of cytokine expression, the macrophages induced by the micropatterns can 
neither be classified as alternatively activated macrophages (M2) since they do not release 
significant amounts of IL10 nor can they be referred to as classically activated M1 cells since 
they do not produce IL12 (Martinez et al. 2008). Thus, it was decided to characterize the 
different subtypes by the expression of the function-associated surface markers CD163 and 
27E10 (Odink et al. 1987; Zwadlo et al. 1988; Zwadlo et al. 1987).  
A dominating anti-inflammatory M2 population is indicated by a high M2-to-M1 ratio. M2 
macrophages facilitate tissue remodeling and improve integration of implants into the body 
while the M1 cells are associated with tissue damage (Badylak et al. 2008). The alteration of 
the phenotype in response to the different surface structures measured by CD163 (M2) and 
27E10 (M1) expression clearly indicates different and distinct activation stages of the cells 
which are induced by topographical patterns. The line-like structure induces the domination 
of a pro-inflammatory phenotype (27E10high CD163low) which resembles, in comparison to all 
other structures, the closest response to LPS. The large posts lead to a nearly opposite anti-
inflammatory phenotype (27E10low CD163high). On the other hand, the small post pattern with 
a smaller distance induces an M1 phenotype (27E10high), however, without changing CD163 
expression suggesting a less pronounced inflammatory phenotype. It is noteworthy that the 
different phenotypes induced by the PFPE structures differ from the PVDF post-like structure 
(27E10high CD163high) observed in an earlier study (Paul et al. 2008). 
4.2.2 Relationships between pattern geometry and cell activation 
The relation between the area fraction of each structure and the M2 to M1 ratio suggests 
that a further optimization of structures may induce an even higher fraction of M2 cells: there 
might be an optimum at the estimated mean of the function (a solid fraction of 0.09-0.16) as 
data which follow a Gaussian data distribution cluster around a mean value. Considering 
phenotypic data, the small posts with small distance as well as the line-pattern may thus not 
be suitable for an in vivo application as these structures might lead to chronic inflammation 
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due to the dominating M1. A further optimized post-like structure similar to the small posts 
with large distance and the large posts may most likely support a dominating M2 population 
and promote a healing phenotype.   
In addition to their influence on macrophage phenotype, the micropattern markedly differ in 
their potency to stimulate the expression of inflammatory mediators. It was found that the 
chemokines CCL2, CXCL10 and IL8 are the most affected molecules among all cytokines 
investigated. IL8 is known as a pro-inflammatory chemokine with neutrophil-attracting activity 
(Grimm et al. 1996) and also has pro-angiogenic effects (Martin et al. 2009; Rosenkilde and 
Schwartz 2004). CXCL10 promotes the adhesion of endothelial cells to leukocytes 
(Secchiero et al. 2005) and inhibits angiogenesis (Frangogiannis 2004; Rosenkilde and 
Schwartz 2004; Sato et al. 2007). CCL2 is an important mediator in inflammatory processes 
displaying chemotactic activity for monocytes and basophils (Melgarejo et al. 2009).   
In accordance with the pro-inflammatory phenotype, the small posts with small distance 
induce chemokine expression and in particular that of CCL2. In contrast, the same posts with 
big distance did not stimulate CCL2 production. This might contribute to the less pro-
inflammatory phenotype induced by this structure. IL8 mRNA expression was induced by all 
cylindrical structures and strongly by the small posts with large distance (8 fold) of which 
geometry and gene expression are rather similar to all structures to the PVDF micropattern 
of previous study (Paul et al. 2008). The period to size ratio may generally control IL8 
expression indicated by a good fit to a Gaussian distribution and suggests that there might 
be a maximum IL8 induction at a period to size ratio of about 19. The period of structures 
was found to be more important in affecting the expression of at least two important 
chemokines of macrophages, rather than the size of structures.  
It seems to be evident that the period determined CXCL10 gene and CCL2 protein 
expression. It may have effects on the expression of other genes as well. CXCL10 gene 
expression decreased in a linear manner with increasing post distance - regarding the post-
patterns of this and a previous study (Paul et al. 2008). It could be shown further that the 
release of CCL2 protein decreased by a one-phase exponential decay. Thus, the CCL2 
Discussion 
 87 
protein level may be controlled using a microstructure with posts with a period above 20 µm.  
4.2.3 Indications for a complex cellular response 
The results obtained for additional cytokines and molecules which were described to be 
affected by a PVDF microstructure (Paul et al. 2008) point to a complex cellular response. 
Regarding the line-pattern, the ten-fold decrease in the expression of IL10 mRNA (Figure 
3.2.5) further supports pro-inflammatory properties of the line pattern as IL10 is a key 
suppressor of pro-inflammatory cytokines (Bogdan et al. 1991). On the other hand, the lines 
led to inhibition of the typical pro-inflammatory cytokine IL1β on the protein level (Figure 
3.2.4) and down-regulation of the gene (Figure 3.2.5) - clearly anti-inflammatory effects. This 
is very interesting because it clearly confines this response from the one to pro-inflammatory 
activation induced by LPS (Borcherding et al. 1996) pointing to highly specific macrophage 
behavior induced by the structure. Up-regulation of SLCO2B1, the most frequent transporter 
in human macrophages (Skazik et al. 2008) might be of pharmacological relevance. Data 
analysis revealed more specific effects of the large post structure: they induced up-regulation 
of MPO mRNA - a protein which functions in the defense against pathogens which is also 
expressed in the degradative response against biodegradable materials such as poly (L-
lactic acid) (PLLA) fibers and coils (Su et al. 2005).  
4.2.4 Relationships between geometry and mediator profile 
All post-based micropatterns revealed two common features in their impact on protein 
release: they led to up-regulation of IL8 mRNA as described above and to a decrease in 
CXCL9 protein release. Regulation of CXCL9 by topography is a novel finding. The protein is 
involved in T cell trafficking (Kryczek et al. 2009). 
Data show that, despite the discovered differences, the line-pattern and the large post-
pattern also had effects in common. On the level of surface marker expression, both lead to 
a significant increase in the number of CD163 and 27E10 double positive cells. This 
increased appearance on these structures probably is of high interest for biomaterials 
research as such cells in vivo were detected in chronic inflammatory lesions (Zwadlo et al. 
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1988).  
The suppression of CSF-3 protein as observed for the lines and the large posts  might be 
of special interest in implantology as it is a growth factor involved in the production, 
differentiation and function of granulocytes. It mobilizes granulocyte lineage cells into 
peripheral blood and it is involved in the resolution of venous thrombi (Chen et al. 2008) 
which are undesired effects for an implant. The induction of IL6 protein is another effect 
which the large post and lines have in common. IL6 is a pleiotropic cytokine which is 
expressed by macrophages (Dendorfer 1996) during acute and chronic inflammation and 
which positively correlates with the severity of osteolysis around hip prosthesis (Stea et al. 
2000).  
4.2.5 Comparison of the effects of PFPE and PVDF on macrophage response 
This study extends previous findings such as the regulation of a large number of genes by 
topography (Paul et al. 2008). The regulatory influence of surface topography on the 
regulation of enzymes involved in inflammation of phagocytes (MPO, ELA2) was validated 
(Figure 3.2.5). In contrast to previous findings (Paul et al. 2008), the homeostatic scavenger 
receptor STAB-1 (Stabilin-1) was not affected by microstructures, which may be attributed to 
the different fabrication procedures (Lensen et al. 2008; Paul et al. 2008).  
Noticeable, the different material compositions of PFPE and PVDF as represented by 
different contact angle and roughness clearly led to fewer mediator changes than the 
different topographies. This underlines the dominating role of microtopography compared to 
chemistry. The higher M2 number as induced by PFPE in comparison to PVDF may also 
support in vivo positive implant integration into the body (Badylak et al. 2008). 
Biocompatibility of a perfluoropolyether copolymer has already been shown in a two year 
study in vivo (Xie et al. 2006). Proangiogenic and thereby anti-inflammatory effects of PFPE 
are also supported by an enhanced amount of IL8 mRNA in vivo (Martin et al. 2009; 
Rosenkilde and Schwartz 2004). 
The data of this study support and substantially extend previous findings on the effects of 
microtopography on macrophage functions by influencing morphology, phenotype, mediator 
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release and gene expression. It was demonstrated that the period of structures has a 
stronger effect than the size of micropatterns. Additionally, it was shown that post-patterns 
induce a stronger anti-inflammatory response than line-patterns. Incorporating mathematical 
relations between geometrical properties of structures and macrophage response, the 
presented results provide fundamental insights into the foreign body response. Introduction 
of defined microstructures represents a novel approach to trigger a desired macrophage 
response, subsequently leading to positive implant integration.  
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4.3 Interactions of macrophages with hydrogels  
Hydrogels such as those made out of PEG or Star PEG are considered as cell-repulsive 
(Groll et al. 2005). The attachment of many cell types depends on a certain treatment of a 
material, for example, using immobilization of collagen on plastic. To mediate the attachment 
of cells, for example of fibroblasts to cell-repulsive hydrogels, specific signal peptides such 
as the RGD signal peptide have to be coupled to the material and in turn enable the 
attachment of fibroblasts and other cell types which were even reported to undergo apoptosis 
without RGD sequences (Grafahrend et al. 2008). 
4.3.1 Effects of Star PEG based hydrogels on macrophage attachment and 
response 
In contrast to the inhibition of the attachment of fibroblasts, it was observed in this study 
that none of the Star PEG based hydrogels was capable of preventing the adherence of 
macrophages. It was hypothesized that six-armed Star PEG would inhibit the attachment of 
blood cells for up to four weeks as speculated in literature (Hoffmann et al. 2006). However, 
the attachment of macrophages observed in this thesis might be explained by the fact that 
there is no circulation in vitro that contribute to the inhibition of blood protein and cell 
attachment in vivo.  
The induction of the number of anti-inflammatory M2 cells by PEG-based hydrogels has 
not been reported so far. It is known that glucocorticoid treatment leads to an increase in the 
number of macrophages expressing CD163 (Zwadlo et al. 1987). Glucocorticoids enter the 
nucleus of the cells, bind to DNA and induce the transcription of a specific sub-set of genes. 
IL4 among others decreases M-CSF receptor expression of macrophages acting in the 
cytoplasm (Dello Sbarba et al. 1996). However, the mechanism by which hydrogels induce 
alternative activation of macrophages remains to be elucidated. 
The three-million fold up-regulation of CCL18 (AMAC1, alternative macrophage activation-
associated CC-chemokine-1) (Goerdt et al. 1999) is an interesting finding that suggests that 
the molecular mechanisms responsible for alternative activation as induced by hydrogels 
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may have similarities to the effects of IL4 treatment. However, despite the involvement into 
alternative activation, it has also been shown that CCL18 is a biomarker of pulmonary 
fibrosis (Prasse and Muller-Quernheim 2009). Over-expression of VEGFA by macrophages 
is another interesting effect of Star PEG. VEGFA codes for a glycosylated protein specifically 
acting on endothelial cells and supports the growth of blood vessels. It is also known to be 
expressed by mononuclear cells in vivo (Esposito et al. 2004). Both the up-regulation of 
CCL18 and VEGFA suggest the existence of an unknown mechanism of alternative 
activation induced by hydrogels. Moreover, interleukin 10, a key suppressor of pro-
inflammatory cytokines (Bogdan et al. 1991), supports anti-inflammatory effects of Star PEG. 
As an additional anti-inflammatory effect of Star PEG-coated hydrogels, they inhibit the 
release of IL8 by macrophages. However, the expression of this gene does not reflect this 
since it is over-expressed 450 times in response to Star PEG compared to TCPS.  
In contrast to the findings of the anti-inflammatory effects of hydrogels, the release of pro-
inflammatory mediators was also detected. The induction of IL1β and IL6 by hydrogels on 
both gene and protein level as well as the high amounts of TNFα secretion are in accordance 
with previous studies (Schmidt and Kao 2007).  
Star PEG furthermore induced up-regulation of ELA2 and MPO, enzymes involved in 
degradative activities. In case of ELA2, degradation of type IV collagen, an extracellular 
matrix protein (Pipoly and Crouch 1987). Myeloperoxidase (MPO) degrades pathogens as 
well as biodegradable materials such as poly (L-lactic acid) (PLLA) fibers and coils (Su et al. 
2005).  
Discussion 
 92 
4.4 Interaction of macrophages with three-dimensional nanofibers 
It has recently been reported that three-dimensional cell environments significantly affect 
cell behavior and response. For example, it has been reported that 3D PLGA scaffolds 
improve differentiation and function of bone marrow mesenchymal stem cell-derived 
hepatocytes compared to monolayer culture controls (Li et al. 2010). The reaction of 
macrophages determines the progression of inflammation, and therefore also acts on other 
cell types such as fibroblasts which do not attach to Star PEG-coated materials and only play 
a role in the reaction to foreign materials after more than one week (Klein et al. 2001). Three-
dimensional cell culture scaffolds provide remarkable structural similarities to the three-
dimensional natural environment of cells represented by the ECM (Heffels 2008). 
4.4.1 Rapid degradation of nanofibers by macrophages  
In this study, the impact of cell-mediated degradation of nanofibers was determined using 
human primary monocytes. Referring to the area covered by fibers, the cell-mediated 
degradation was faster than the degradation of the fibers in culture medium. This is 
interesting because literature reports have shown that the biodegradation of PLGA-based 
fibers is mediated by hydrolytic cleavage of ester linkages in the polymer backbone, 
according to a bulk-degradation mechanism (Park 1995). Referring to the study of Park, the 
transport rate of water into the fibers is decisive for the degradation rate. In this study, it was 
shown that the degradation of PLGA by macrophages occurs much faster than hydrolytic 
cleavage of the material. The cell-mediated degradation of PLGA nanofibers was significantly 
faster than the degradation of Star PEG-PLGA fibers; therefore, usage of Star PEG as an 
additive of electrospinning may be performed to inhibit fiber degradation.  
However, it should be considered that in vivo, additional monocytes would migrate into a 
mesh and contribute to its degradation. In this study, monocytes, that do not proliferate, were 
added after their isolation from peripheral blood. Additional monocytes might have further 
enhanced the rate of fiber degradation in vivo.  
A recent study using a co-culture system of macrophage and fibroblast cell lines reported 
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that both cell types are able to degrade PLGA-dextran scaffolds (Pan et al. 2008). However, 
in this study it was shown that only macrophages degrade PLGA or PLGA-Star PEG 
nanofibers and that fibroblasts do not. The activities of fibroblast enzymes which were 
reported to mediate a degradation of fibers (Pan et al. 2008) are hypothesized to be 
negligible compared to macrophage-mediated fiber degradation. 
4.4.2 Effects of three-dimensional nanofibers on macrophage response  
In contrast to the induction of an anti-inflammatory macrophage phenotype by Star PEG, 
this was not observed for the fibers, though these partially consisted of the same material. It 
was shown that macrophages that migrate into a membrane consisting of collagen and 
elastin (Klein et al. 2001) did not express CD163, very similar to the prevailing data of the 
response of the cells in response to PLGA-Star PEG fibers. Klein and co-workers reported 
that after seven days of culture in the collagen-elastin membrane 23% expressed 27E10, 
also similar to the present study although this M1-phenotype is even more pronounced. It 
can be concluded that high amounts of scaffolds generally enhance the number of cells 
expressing 27E10 and decrease the number of CD163 positive cells, regardless of the 
material.   
Nanofibers, regardless of material and density, lead to enhanced IL8 protein release which 
is underlined by the fact that the release of IL8 increased with an increasing amount of 
nanofibers immobilized to Star PEG.   
The inhibition of IL1β release by high amounts of PLGA-Star PEG fibers and the inhibition 
of IL6 release by an increasing amount of three-dimensional nanofibers  reveals a novel 
understanding of macrophage behavior responding to the morphology of the environment. 
The fact that exclusively PLGA-Star PEG fibers inhibited IL1β-based macrophage activation 
may also be explained by different classes of proteins that bind to PLGA-Star PEG or PLGA 
(Heffels 2008). 
The increased release of CCL3 and CCL4 as induced by PLGA-Star PEG fibers spun on 
Star PEG appears to be a combined effect of both the Star PEG-containing substrate and 
PLGA-Star PEG fibers since Star PEG alone did not induce the proteins and fibers on glass 
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also did not.  
In summary, the three-dimensional structure of nanofibres strongly affect cytokine release 
of macrophages in a manner that is significantly different the release of mediators when the 
cells are cultured as standard single layers. These data suggest that both basic inflammation 
research with macrophages as well as research on medical fibres should be performed using 
three-dimensional scaffolds.  
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4.5 Optimization of the immunomodulatory properties of 
biomaterials 
The cellular long-term response to biomaterials is overwhelmingly mediated by 
macrophages. Understanding of  the role of material properties on macrophage activation 
and the subsequent effects of macrophage-derived enzymes on the degradation of implanted 
biomaterials has been reported to be the key for the development of implantable materials 
with prolonged lifespan (Santerre et al. 2000). There are various properties of biomaterials 
that may lead to an activation of leukocytes or macrophages: material chemistry is known to 
affect the secretion of cytokines by leukocytes in mice (Brodbeck et al. 2003); 
microtopographies were shown to strongly affect macrophage activation (Paul et al. 2008). In 
this study, it has been shown further that the three-dimensional morphology of materials 
affects macrophage activation.   
The response of macrophages to four different classes of biomaterials that were studied in 
this thesis allow for conclusions on the effects of molecular marker expression.  Taking the 
regulation of inflammation related molecular molecules as an objective criterion for the 
evaluation of cell-material interactions, there were inflammation relevant molecules that were 
regulated by all classes of biomaterials and there were also molecules altered by only one or 
two classes of biomaterials.   
The expression of IL8 was strongly affected by all studied materials. Similarly to IL8, gene 
expression of IL1β was also significantly affected by every class of investigated material. On 
the level of cytokine release, IL6 and CCL2 were also affected by every kind of biomaterial. 
Therefore, the measurement of IL8 and IL1β on the level of transcript abundance and of IL6 
and CCL2 on the level of molecule release may therefore be useful to optimize the immune 
cell compatibility of biomaterials of any given class.  
Furthermore, certain inflammation related molecules were specifically regulated by only 
one class of biomaterial. The regulation of CXCL10 by surface micropatterning is an 
exclusive effect of microtopography that was also observed in earlier studies (Paul et al. 
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2008). The regulation of CXCL9 on the level of the release of the chemokine and the 
regulation of IL10 gene expression was similarly strongly regulated by topography only.  
The strong increase in the number of CD163 expressing cells induced by Star PEG-coated 
hydrogels as well as by amine endgroups on nanoparticles is outstanding. It is interesting 
that PEG-coated surfaces induced similar effects like NH2-coated nanoparticles. Therefore, 
CD163 expression by macrophages should be considered as a marker for the optimization of 
PEG-based materials.  
In contrast to the increased number of cells expressing CD163 as induced by PEG-coated 
materials, three-dimensional nanofibres raised the number of macrophages expressing 
27E10, proportional to the amount of nanofibres. It is interesting that the cells, while strongly 
expressing an M1 marker, did secrete decreased amounts of pro-inflammatory cytokines 
when cultured on high amounts of fibers. Therefore, the expression of 27E10 might be an 
important marker for macrophages in artificial three-dimensional scaffolds and might thus be 
useful to optimize nanofibres for immune cell compatibility. 
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5. Abstract  
The response of immune cells to any biomaterial determines its biocompatibility. This study 
aimed to identify the immunomodulatory properties of biomaterials from four different fields 
exhibiting various chemical, geometrical and morphological properties: nanoparticles, two-
dimensional micropatterned structures, hydrogel with functional endgroups and three-
dimensional nanofibers. It was shown in how far chemical, topographical and morphological 
properties of biomaterials affect the immune response.    
Primary human immune cells were isolated from healthy volunteers and incubated with the 
biomaterials. The material properties were altered systematically and the effects of the 
alterations on the response of immune cells were analyzed using microscopy, flow cytometric 
detection of function-associated surface molecules, Real-Time PCR based analysis of the 
expression of inflammation relevant genes and cytokine release using a bead-based assay. 
In addition to the studies on molecular marker expression, specific interactions between cells 
and materials were studied using additional methods. 
In the first part of this thesis, the uptake capacities of gold nanoparticles by the most 
important human primary leukocyte populations have been studied using a nanoparticle 
library encompassing both spherical and rod shaped gold nanoparticles. These studies were 
published (Bartneck et al. 2010a). The particles exhibited diameters between 15 and 50 nm 
as well as a variety of surface chemistries. Cetyl-trimethylammoniumbromide and citrate-
stabilized nanoparticles were internalized rapidly within 15 minutes and in huge amounts by 
macrophages and monocytes. Interestingly, the uptake of CTAB-stabilized nanorods was 
more efficient than that of nanospheres. Blocking experiments and electron microscopic 
studies revealed macropinocytosis to be the underlying mechanism of this uptake. Coating of 
particles with poly (ethylene glycol) (PEG) was found to significantly inhibit the internalization 
of nanoparticles for 48 hours. The chemistry of particle stabilizers and especially that of 
functional endgroups, influenced the activation stage of the cells indicated by altering the 
expression of inflammation related molecules.  
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In addition to the studies on the intracellular uptake, a novel mechanism that results in the 
extracellular trapping of nanoparticles has been discovered and published (Bartneck et al. 
2010b). It was shown that human neutrophils, monocytes and macrophages release 
extracellular traps which act as physical barriers for nanoparticles. The amount of particles 
which is trapped in the cell-gold networks strongly depends on the surface chemistry of the 
particles. Even PEG-coated nanoparticles are trapped to a significant extent by these 
extracellular structures. 
In the second part of this thesis, the impact of two-dimensional microtopographies on the 
inflammatory response of macrophages has been studied using four different microstructures 
generated from the novel non-degradable homo-polymer perfluoropolyether (PFPE). This 
study has been published in Acta Biomaterialia (Bartneck et al. 2010c). It was observed that 
each micropattern induced a specific morphology, phenotype, gene expression and cytokine 
release of macrophages. A microstructure of regular grooves induced a pro-inflammatory 
macrophage phenotype that did not secrete pro-inflammatory mediators. Large cylindrical 
posts induced an anti-inflammatory phenotype (M2) with a remarkable down-regulation of 
CXCL10. Smaller posts with a closer distance exhibited a stronger pro-inflammatory 
response than those with a larger distance, both on the level of phenotype and mediator 
release. It was demonstrated that the geometrical parameters of the microstructures, 
specifically the size and period of structures, play an important role in macrophage response.  
The influence of surface coating with hydrogels has been studied using star shaped 
poly(ethylene glycol-stat-propylene glycol), abbreviated Star PEG, in the third part of this 
thesis. Additionally, the effects of the functional peptide endgroups, RGD and GLF as well as 
six-armed glycidol on the attachment and response of macrophages were investigated. It 
was found that Star PEG led to the formation of macrophage cell clusters for up to three days 
of culture. After this period, the cells formed a dense monolayer. Noticeable, culture of 
macrophages on Star PEG strongly enhanced the number of alternatively activated 
macrophages. In contrast to this enhanced number of anti-inflammatory macrophages, Star 
PEG induced the release of pro-inflammatory mediators such as interleukin (IL)1β, IL6, CCL2 
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and TNFα. Modifications of Star PEG with functional endgroups had no effects on cell 
attachment and little effects on the activation stage, compared to unmodified Star PEG.  
In the fourth part of this thesis, the interactions of macrophages with three-dimensional 
nanofibers were investigated. It was found that the degradation of nanofibers strongly 
depends on the material. Poly(lactide-co-glycolide) (PLGA)-based fibers were degraded 
more rapidly by macrophages compared to PLGA-Star PEG based scaffolds. Different 
densities of fibers resulted in specific effects on the response of macrophages and altered 
the expression of function-associated surface markers and cytokine release. Three-
dimensional fibers inhibited the release of pro-inflammatory cytokines. This study provides 
novel insights into the reactions of macrophages to three-dimensional scaffolds compared to 
standard single layers.   
It could be shown that an optimization of nanoparticles, microstructures and three-
dimensional nanofibers may enable to control the immune response and to avoid 
inflammatory adverse reactions.  
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Zusammenfassung 
Die Reaktionen von Immunzellen mit Biomaterialien bestimmen deren Biokompatibilität. 
Das Ziel dieser Arbeit war es, immunmodulatorische Eigenschaften von Biomaterialien aus 
vier verschiedenen Bereichen zu identifizieren, welche unterschiedliche chemische, 
geometrische und morphologische Eigenschaften aufweisen: Nanopartikel, 
zweidimensionale Mikromuster, Hydrogele mit funktionellen Endgruppen und 
dreidimensionale Nanofasern. Es wurde gezeigt, inwieweit die chemischen, topographischen 
und morphologischen Eigenschaften von Biomaterialien die Immunantwort beeinflussen. 
Primäre humane Immunzellen wurden aus gesunden Spendern isoliert und mit den 
Materialien inkubiert. Die Eigenschaften der Materialien wurden systematisch verändert und 
die Auswirkungen der Veränderungen auf die Antwort der Immunzellen mittels Mikroskopie, 
durchflusszytometrischer Detektion von funktions-assoziierten Oberflächenmolekülen, Real-
Time PCR basierter Analyse der Expression entzündungsrelevanter Gene und 
Zytokinfreisetzung mit immunologischen Techniken untersucht.  
Die Aufnahmekapazitäten von Gold Nanopartikeln durch die wichtigsten humanen 
Leukozytenpopulationen wurde anhand einer Nanopartikelbibliothek untersucht, welche 
sowohl sphärische als auch zylindrische Partikel umfasste. Die Ergebnisse dieses Teils der 
Arbeit sind publiziert (Bartneck et al. 2010a). Zetyl-Trimethylammoniumbromid (CTAB) und 
zitratstabilisierte Nanopartikel wurden sehr schnell, innerhalb von 15 Minuten, und in sehr 
grossen Mengen, von Makrophagen und Monozyten aufgenommen. Interessanterweise war 
die Aufnahme der CTAB-stablisierten Gold Nanorods effizienter als die Aufnahme der 
gleichgrossen Spherulite. Inhibitionsstudien und elektronenmikroskopische Untersuchungen 
belegten, dass Makropinozytose der zugrunde liegende Mechanismus für die Aufnahme der 
Partikel ist. Eine Beschichtung von Partikeln mit Poly(ethylen)-Glykol verzögerte die 
Internalisierung der Nanopartikel für zwei Tage. Die Chemie der Partikelstabilisatoren und 
insbesondere funktionelle Endgruppen modulieren den Aktivierungszustand der Zellen, 
gemessen anhand wichtiger molekularer Entzündungsmarker.  
Zusätzlich zu den Untersuchungen zur Aufnahme von Gold Nanopartikeln wurde ein 
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Mechanisms entdeckt und beschrieben, welcher zur extrazellulären Immobilisierung von 
Gold Nanopartikeln führt (Bartneck et al. 2010b). Es wurde gezeigt, dass insbesondere 
humane neutrophile Granulozyten, aber auch Monozyten und Makrophagen extrazelluläre 
Fallen entlassen, die als physikalische Barrieren für Gold Nanopartikel fungieren. Es wurde 
gezeigt, dass die Form der Partikel eine untergeordnete Rolle spielt und dass eine positive 
Oberflächenladung die Frequenz des Fanges von Partikeln erhöht. Sogar mit 
Polyethylenglykol stabilisierte Goldnanopartikel wurden in signifikanten Mengen in diesen 
extrazellulären Strukturen eingelagert.  
Der Einfluss von zweidimensionalen Mikrotopographien auf die inflammatorische Antwort 
von Makrophagen wurde im zweiten Teil der Arbeit anhand von vier unterschiedlichen 
regelmäßigen Mikrostrukturen, welche durch Stempeltechniken aus einem neuen nicht 
degradierbaren Perfluoropolyether hergestellt wurden, untersucht und publiziert (Bartneck et 
al. 2010c). Es hat sich gezeigt, dass jede Mikrostruktur eine spezifische Morphologie, 
Phänotyp, Genexpression und Zytokinfreisetzung der Makrophagen auslöst. Eine 
Mikrostruktur aus Linien stimulierte einen proinflammatorischen Makrophagen-Phänotyp, der 
nicht die für proinflammatorische Makrophagen typische Mediatoren freisetzte. Grosse, 
zylindrische Säulen induzierten einen antiinflammatorischen Phänotyp (M2) mit einer 
bemerkenswerten Herunterregulation von CXCL10. Kleinere Säulen mit einem geringen 
Abstand hatten ein stärkeres proinflammatorisches Potential im Vergleich mit Säulchen mit 
grösserem Abstand, sowohl auf der Ebene des induzierten Phänotyps als auch auf der 
Ebene der Mediatorfreisetzung. Es wurde gezeigt, dass die geometrischen Parameter der 
Mikrostrukturen, besonders die Grösse und der Abstand, eine wichtige Rolle für die Art der 
Makrophagenantwort spielen.  
Im dritten Teil der Arbeit wurde die Makrophagenantwort auf Star PEG-basierten 
Hydrogelen untersucht. Es wird allgemein angenommen, dass Hydrogele wie Star PEG die 
Zelladhäsion verhindern. Im Rahmen dieser Arbeit wurde herausgefunden, dass die 
Adhäsion von Makrophagen nur für drei Tage inhibiert werden kann. Nach dieser Zeitspanne 
bilden die Zellen einen dichten Zellrasen. Die auf Star PEG adhärierten Makrophagen 
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wiesen Veränderungen in Grösse, Granularität sowie der Expression von 
funktionsassoziierten Oberflächenmarkern auf.  
Im vierten Teil der Arbeit wurden die Reaktionen von humanen Makrophagen auf 
Nanofasernkonstrukte untersucht. Es wurde nachgewiesen, dass die Degradation von 
Nanofasern stark vom Material abhängt. Poly(Laktid-Glykolid) (PLGA)-basierte Fasern 
werden sehr viel schneller abgebaut als PLGA-Star PEG basierte Fasern. Unterschiedliche 
Fasermengen resultierten in unterschiedlichen molekularen Makrophagenantworten und 
veränderten die Expression von funktionsassoziierten Oberflächenmarkern, der untersuchten 
Gene sowie die Zytokinfreisetzung. Diese Untersuchungen vermitteln grundlegende 
Einsichten in das Verhalten von Makrophagen in dreidimensionalen Umgebungen, was Ihrer 
natürlichen Umgebung stärker ähnelt als Einzelzellschichten, welche Standard in der 
Zellkultur sind.   
Es konnte zusammenfassend gezeigt werden, dass durch gezielte Optimierung von Gold 
Nanopartikeln, mikrostrukturierten Oberflächen und Nanofasern die Immunantwort 
kontrolliert und Abstossungsreaktionen von Biomaterialien durch Immunzellen minimiert 
werden können. 
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